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Principles of Electrical Machine Design 


11 Design of Machines. Design may be defined as a creative physical realization 
of theoretical concepts. Engineering design is application of science, technology and invention 
to produce machines to perform specified tasks with optimum economy and efficiency. 

Engineering is the economical application of scientific principles to practical design 
problems. If the items of cost and durability are omitted from a problem, tho results obtained 
have no engineering value. The problem of design and manufacture of electric machine? y is to 
build, as economically as possible, a machine which fulfils a certain set of specification*, and 
guarantees Thus design is subordinated to the question of economic manufacture. 

The major considerations to evolve a good design are : 

1. Cost 2. Durability 3. Compliance with performance criteria as laid down in 
specifications. 

in most of the situations it becomes difficult to design a machine which meeti all 
the performance indices and also satisfies the cost and durability criteria because these require¬ 
ments ..re usually conflicting. It is impossible to design a machine which is cheap andis also 
durable at the same time. This is because a machine which is to have a long life span must 
use high quality materials and advanced manufacturing techniques which obviously make 
it costly. The performance indices have to be met for certain. However, a compromise 
between cost and durability can be had. A good design is one where the machine ha sreason¬ 
able operating life", say between 20 to 30 years and has a low initial cost. This is particularly 
true of motors, especially indue tion motors used for general purpose applications. However, 
large synchronous machines and transformer# which are used in power systems must be 
designed with reliability and durability in operation as the major considerations, with less 
emphasis on initial cost. 

12 Design factors. The mechanical force required for movement in rotating 
electrical machi/ies can be produced both by electrostatic and electromagnetic fields since 
both the fields store energy. In electrostatic machines, the energy density is limited by the 
dielectric strength of the medium used. For example, if air is used the dielectric medium, 
the maximum value of electric intensity that can be used is 3 MV/m (on account of dielec¬ 
tric break down) which corresponds to an energy density of about 40 J/m*. In electromag¬ 
netic machines, magnetic effect is used for production of force and there is no compar¬ 
able restriction in magnetic fields. However* the maximum value of flux density that can 
be used is about 1'6 Wb/m*, because beyond this value magnetic saturation sets in the ferro¬ 
magnetic materials required to complete the magnetic circuit of the machine. This limits 
the energy density in the air gap to about 1 MJ/m*. This energy density is approximately 
25,000 as much for electric fields. 

Thus, at voltages that can be developed and used by normal means, the forces pro¬ 
duced by electrostatic effects are very weak. On the other hand, a small current can produce 
large mechanical forces by electromagnetic means and therefore all the modem electrical 
machines are electromagnetic type. 

However, electrostatic considerations cannot be omitted altogether in electrical 
machines, especially in high voltage transformers, and aynchronous and induction toaehfaet, 
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the electrostatic field has to be considered as regards its secondary influence on the opera* 
ting characteristics, apart, of course, from the question of insulation. 

The basic structure of an electromanegtic rotating electrical machine is shown in 
Fig. IT. The machine consists of the following parts : 

1 . Magnetic Circuit. Tt ptovkles the path lor the magnetic flux and consists of 
air gap, stator and rotor teeth, and stator ard rotor cores (yokes). 



Fig. IT. Basic constructional details of a rotating machine. 

2. Electric Circuit. It consists of stator and rotor windings. The winding of a trans¬ 
former or a rotating machine conveys electrical energy to or from the working region and is 
concerned with production of emf and development of magneto-mechanical force. Win¬ 
dings are formed from suitably insulated conductors. 

3. Dielectric Circuit. The dielectric circuit consists of insulation required to isolate 
one conductor from another and also the windings from the core. The insulating materials 
arc essentially non-metallic and may be organic or inorganic, natural or synthetic. 

4. Thermal Circuit. The thermal circuit is concerned with mode and media for 
dissipation of heat produced inside the machine on account of losses. 

5. Mechanical parts. The important mechanical parts of a machine are its frame, 
bearings and shaft. 

In a design problem one has to deal with numerous electric, magnetic, dielectric, 
thermal and mechanical quantities which are interrelated in very complex ways. Adequate 
space, consistent with both cost and performance criteiia, has to be found for these quan¬ 
tities in a machine. A successful design brings out in economic compromise for space 
occupied by iron, copper (aluminium), insulation and coolant (which may be air, hydrogen, 
water or oil). 

1*3 Limitations in design. Apart from availability of suitable materials, facilities 
available for manufacture of required machine parts and facilities required for transporta¬ 
tion, the following considerations impose limitation on design 

1. Saturation. Electromagnetic machines use ferro-magnetic materials The maxi* 
mum allowable flux density to be u<ed is determined by the saturation level of the ferro¬ 
magnetic material used. A high value of flux density results in increased excitation resulting 
in higher cost for the field system', 

2. Temperature rise. The most vulnerable part of a machine is its insu¬ 
lation. The operating life of a machine depends upon the tyre of insulating materials (insu- 
lants) used in its construction and the life of the insulating in turn materials depends upon the 
temperature rise of the machine.. If an insulating material is operated beyord the maximum 
allowable temperature, its life is drastically reduced. 
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Proper cooling and ventilation techniques are required to keep the temperature 
rise within safe limits. The coolant (cooling medium) flowing along r' >per paths picks 
up the heat from the machine parts for dissipation oufado the machine thereby preventing 
the temperature rise to become excessive. 

3. Insulation. The insulating materials used in a machine should be able to with¬ 
stand the electrical, mechanical and thermal stresses which are produced in the machine. 
The mechanical strength of insulation is particularly important in the case of transformers. 
Large axial and radial forces are produced when the secondary winding of a transformer 
is short circuited with the primary on. Therefore, while designing irisul ukm for a trans¬ 
former, due consideration must be given to the capahili.y of the insulation eJ uhsMtid 
large mechanical stresses (which may be either compressive or tensile) that are produced 
under short circuit conditions as apart from electrical and thermal breakdown corwiduations. 

The type of insulation is decided by the maximum operating temperature of the 
machine parts where it is put. 

The size of insulation is rot only decided by the maximum voltage sticss but also 
by the mechanical stresses produced. For example, for the same operating voltage, thicker 
insulation has to be used for large sized conductors than for smaller sized ones. 

4. Efficiency. The efficiency of a machine should be as high as possible 
to reduce the operating costs. In order to design a highly efficient machine, t) c magnetic 
and electric loadings used should be small and this requires the um of large amount of 
material (both iron as well as copper/aluminium). Therefore, the capital cost of a machine 
designed for high efficiency is high while its running cost is low. 

5. Mechanical pacts. The construction of anelectrical machine has to satisfy 
numerous technological requirements. The construction should be as simple as possible 
and also it is technologically good if it is carried cut usii g simple and ccommital means 
with as littleMabour as possible. But the technological techniques should he consistent 
with the requirements of performance, reliability and tin:‘ability. 

The design of mechanical parts is particularly important in the case of high speed 
machines. For example, while- designing a tuibo-aiternatnr,, the rotor slot (dimensions are 
so selected that the mechanical stresses ai the bottom o! rotor teeth do not exceed the maxi¬ 
mum allowable limit. 

In induction motors, the length of air gap >s kept as •■■mall as mechanically 
possible in'order to have a high power factor. The. length of air gap and also that of 
the size of the shaft are mainly decided by the mechanical considerations. The size of the 
shaft should bejsuch that it does not give rise to excessive unbalance magnetic pull Tj.M.P.) 
when deflected. The shaft of induction motors should he short and stiff so that there 
is no significant deflection of the shaft and hence the unbalanced magnetic pull is small 
and is within manageable proportions. 

In large machines, the size of the shaft is decided by considering the critical speed 
which depends on the deflection of the shaft. 

Bearings of rotating machines are subjected to the. action of r ''or weight, external 
loads, inertia forces due to unbalanced rotors and forces on account of unbalanced magnetic 
pull. The type of bearings to be used in a machine are decided by cc asidering the above 
mentioned forces and also the type of construction whether the machine is horizontally or 
vertically mounted. 

6. Com imitation . The problem of commutation is important in the case of 
commutator machines as commutation conditions limit *he maximum output that can be 
taken from a machine. For example, at present the maximum power output of a single unit 
d.c. machine is approximately 10 MW and this limitation is solely on account of commutation 
difficulties. 
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7. Power factor. Poor power factor results in larger 
power and, therefore, larger conductor sizes have to be used. 


values of current for the same 


Hus problem of power factor is particularly important in the case of induction motors. 
I he size and hence cost of induction motors can be reduced by using a high value of flux 
density m the air gap but this results in saturation in iron parts of machine and consequently 
a poor power factor. 7 hits the value of flux density used depends upon the power 
far tor and hence power factor becomes a limiting factor. In fact, the length of air gap to 
lie provided in an induction motor is primarily determined by power factor considerations. 


8. Consumer's Specifications. The limitations imposed by consumer’s specifications 
on the design of electric machinery are obvious. The specifications as laid down in the 
consumer’s order have to be met and the design evolved should be such that it satisfies all the 
specifications and also the economic constraints imposed on the manufacturer. 


9. Standard specifications. These specifications are the biggest strain on the 
design because both the manufacturer as well as the consumer cannot get away from them 
without satislying them. 


I 4, Modern trends in design of electric machines. The design of electrical 

machines is both a vein .re and an art. A "science”, because it follows established and 
universally act opted physical and mathematical principles which have been verified by ths 
experimental methods and an ’od” in that the knowledge of these principles is often 
insufficient to produce a correct and economic design. T his can be achieved by correct 
decisions based upon judgement and intution, and through understanding of the subject. 


7. lie design of electrical machines consists e sontially of the solution of many complex 
and diverse engineering problems and normally these problems are loosely interrelated to 
a lesser or a greater degree. In fact the design of electrical machines presents a mathematically 
indeterminate problem with many solutions as the number of equations is less than the 
number of unknowns. 7 lie design of electrical machines at the first onset require s the < hoice 
of principal constructional scheme appropriate to the desired machine performance and 
types of con-,tract mii of its basic machine parts. Preliminarily it is also required to choose 
a system of cooling and ventilation for the machine, materials for its magnetic system, insu¬ 
lating materials, the conductor materials and the like. 


It is very rare indeed, that in practice one starts designing a machine right from 
fundamentals without any help from experience already gained in designing machines. The 
design of insulation, roofing and ventilation and mechanical parts is a matter of application 
of some empirical relationships obtained after years of practice. Calculations are then 
made whereby the main dimensions of active parts of machine, winding details and other 
parameters are determined. Therefore, the machine designer starts with a number of known 
parameters like basic electromagnetic and constructional data and performs a series of 
mathematical operations that may or may not involve logical decisions to arrive at one or 
more than one acceptable solutions. 

The overall design process, right from the specification requirements to the 
determination of machine dimensions and other items of information required for the 
manufacture of both static and rotating machines, may be considered as a single engineering 
problem or several interconnected engineering problems. 

The process of design of a single machine may be divided into three major design 
problems, such as : 


(t) electromagnetic design, (it) mechanical design, and (fit) thermal design. 

7 hese problems may be solved separately and the results combined later on. Each of these three 
m«tjor problems may further be broken down into simple and loosely related elements. 
Each element may be considered as a separate problem and as such this procedure involves 
solution of elements many times over, 
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The other aspect of the modern day design of electrical machines 33 designing a number 
of machines, all of which form part of a single system, for 1 sample, generators, motors 
and transformers form a part of an electromechanical eneigy network. T he different 
machines of such a system are interconnected and react upon each other, sometimes 
considerably and on occasions disasterously. Therefore, the machines for such a system 
cannot be designed in isolation and the designs of all the machines have to be completed 
concurrently since the design of one machine depends upon that of the others. 1 he problem 
thus is that of optimization of the system. 

Sometimes it is desired to design a series of machines having different ratings to fit 
into a single frame size. In this case, the finished designs of machines must be produced 
in groups, where all designs within a group are interdependent. This again is an optimisation 
problem because frame sizes have to be optimum giving due weigbtage to designs of all the 
machines in a series or a group. 

Therefore, the optimal solution involves iterations wherein values of variables 
are changed to satisfy both the performance and cost constraints It is c ear 
that the design of electrical machines is an iterative process wherein tire assurm d data may 
have to be varied many times to arrive at the desired design. The evolution of design to 
meet the specified optimum criteria is a matter of long and tedious iterations and (his fact 
has led to the application of fast digital computers to the design of electrical machines and 
transformers. 

The digital computer has completely revolutionahzed the field of electric ul machine 
design. The computer aided design has the advantages of eliminating tedious and lime 
consuming hand calculations thereby releasing the designer lrom numerical drudgery to 
allow him devote time to grapple with physical and logical ideas This accelerates the design 
process enormously. 

Also the use of computer makes possible more ‘trial' designs, and enables Miphisti- 
cated calculations to be made without intolerable tedium and excessive time. Jt makes 
possible the checking of data at every stage, reduces empiricism, readily handles non-lint ari* 
ties and incorporates the designers l knuto-how'. 

In addition, computer aided design permits more detailed and precite functional rela¬ 
tionships which give rise to possibility of new and comprehensive design procedures. 

15, Modern machine manufacturing techniques. It is well known that electric 
power has wide and diverse applications in all fields of human activity. The utilization 
of electric power is going up day by day and this calls tor increased generating capacity and 
obviously construction of new electric power stations. This necessitates and will rontimie 
to necessitate a great need for a variety of electric machines ov< r a wid<- range-of power 
outputs. The growing needs of both electric generation and electric utility indusiries have to 
be met by continuously expanding electrical machine manufacturing mdustiy applying 
modem manufacturing techniques. The modern trends in electrical mat him manufacturing 
industry are discussed below : 

1. The modern electrical machines are characterized by a ve*ry wide range of 
power outputs. The power range varies from a fraction of a watt to several hundreds of 
megawatt in a single unit. Thus the ratio of power output of the smallest machine to that 
of the largest machine is 1 : 10 M . 

The range of rotational speeds of electrical machines is very with'. One machine 
may have a speed of few revolutions per second while that of another may be several 
thousand revolutions per second. The large varied fields of applications, and wide range of 
both power output and speed of operation of electrical machines has led to a variety of types 
of construction. 

The type of construction adoptecj depends upon the power output of the machine 
and also on its rotational speed. Thus a classification of electrical machines by construe* 
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tional features and their subdivision on the basis of power outputs and rotational speeds can 
be made. 

No universally accepted classification of electrical machines based upon constructional 
features and power outputs exists as yet. However, a broad classification of electrical 
muclii'an lx u.a^c because machines having power outputs within a particular range 
have MinvMvpical common constructional features. A suggested classification on the basis 
may l>>* ; 

(•(') Small size machines. Electrical machines having a powet output upto about 
750 \V may be called small machines. 

(n) Medium size machines. Electrical machines having power outputs ranging 
from a few kilowatt up to approximately 250 kW may be classified as medium size 
marhim s. 

(tit) Large size machines. Electrical machines with power outputs in the range 
of 250 kVV up to about 5000 kW are classified as large size machines. The machines are 
usually designed and manufactured as a series and have a definite power output range. 

(iv) Larger size machines. These machines are manufactured on special orders 
from customers to meet their specific demands. Therefore, large machines are design* d 
on individual basis. The power outputs of these machines may be as high as hundreds 
of megawatt. 

The type of construction to be adapted is considerably influenced by the operating 
speed of (he machine. For example, low speed machines (below 250 rpm) have large 
dn inen r and sin ill axial length, while high speed machines (3000 rprn and over) have small 
iliam-i'-r and a 1* ng core length. Commercially available large machines have rotational 
speed in the range of 400—l^OOrpm while medium size machines have a speed range of 
2 ,U0f! 2,500 rpm. 

2. The scorn! important feature of modern electrical machine manufacture is the 
trend to build machines which are smaller in size and therefore involve the use of lesser 
material, and at the same time have the same efficiency and overload capacity. The 
increase in power ratings using smaller size coupled with good overall performance has been 
possible only due to the following technological advancements. 

(t) There has been considerable developments and refinement in the techniques 
relating to construction and arrangement of conductors and some other parts 
of the tnachin.' and this has resulted in drastic reduction in stray load losses. 

(ii) There has been a vast development in the cooling and ventilation systems for 
machines. The new methods are much more effective for dissipation of heat 
generated inside the machine. 

3 . The third important factor in the manufacture of modern machines is the use of 
magnetic materials which have a high permeability, a low iron loss and a high mechanical 
strength. The materials permit use of the high values of flux density and therefore 
results in reduction in the size of the machine and promotes the extention of power output. 

4. There has been a significant improvement in the insulating materials and newer 
materials are increasingly being used in the present day machines. These insulating materials 
are able to withstand much high* r teirr cratures. Since, the rating of the machine mainly de¬ 
pends upon the insulating materials used in it, greater outputs are possible with the use of these 
insuliating materials. Tn other words, the use of better class of insulating material allows 
the machine sizes to be ua«:d lor the same output power ratings. 

5. Modern machine building marked with use of higher electro-magnetic loadings for 
active parts and increased mechanical loadings for construction materials. 

6 . In order to expedite the process of machine manufacture at reduced cost, different 
improved and refined manufacturing techniques are used for individual machine parts. 
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7. Modern electrical machines have a wide field of applications. They are used 
in varied environments and under different operating conditions. The design of the machine 
ind its manufacture should be such that i* (the machine) operates satisfactorily under the 
desired environmental conditions. 

1 6. Basic principles. It has been explained in the preceding sections that the design 
ff insulation, ventilation and cooling s^snrm.nd ol rmclianical parts is based upon 
cnowledge derived from decades of experience and prat lice. Ilowtvn , the design of both 
dectric and magnetic circuits is based upon some well established basic laws 

The action of electromagnetic machines can be related to three bisic principles 
which are : 

(*’) Induction, (ia) Interaction and (m) Alignment. 

1. Faraday’s law of magnetic induction. This law states that emf induced in a 
dosed electric circuit is equal to the rate of change of flux linkages. 

Flux linkages ..(IT) 

where N is the number of turns in a coil and <f> is the flux linking with all of them. 

In most cases, the flux <f> does not link with all the turns or alternatively all the turns 
lo not link with the same llux. Unch-r these circumstances, the summation of all products 
>f magnetic flux with complete turns of the magnetic circuit gives the total value of flux 
linkages 4'- 

The lotai flux linkages thus are : 

n 

—i V 4". fa — ^ Nkfa ...(1 '2) 

k—l 

where Nk is the number of turns which link with flux fa. 

In case there is a change in the value of the flux linkages of the coil, an induced emf 
is produced in it whose value, is given by : 

v °lt- ..(J-3) 

The negative sign in Eqn. 1'3 indicates that the direction of the induced emf is such 
:hat the current produced by it opposes the change in flux linkages. 

The change in flux linkages can be caused in three ways. 

(»') 1'he coil is stationary with respect to flux and the flux varies in magnitude with 
respect to time. 

(it) The flux is constant with respect to time and is stationary and the coil moves 
through it. 

(tit) Both the changes mentioned above occur together t.e. the coil moves through 
a time varying field. 

In the method outlined in { i ) where the coil is stationary and the flux is time varying, 
an emf called tran*forn»*r (or pulsational) emf is produced. Since no motion is involved, 
there is no energy conversion and the process that really takes place is energy transference. 
This principle is used in transformers which employ stationary coils and time varying 
Buses for transfer of energy at one level to another. 
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In (it) the flux cutting rule can be employed to illustrate the emf generated in a 
conductui moving in a constant stationary field. The emf generated in a con uctor of length 
moving at right angles to a uniform, stationary, time invarying magnetic field is given by : 

e.--=—Blv volt ...(1*4) 

where B ~flux density, Wb/m*(l); 
i= length of conductor, m; 
and v~ linear velocity of conductor, m/s. 

The generated emf in this case is called a “motional emf” because it is caused due 
to mot.on ot a conductor. Since motion is involved in the production ot this emf, the 
process involves electromechanical energy conversion. This principle is utilized in rotating 
machines like d.c., induction and synchronous machines. 

In (ii») a conductor or a coil moving across a stationary time varying magnetic field 
(Hux) and therefore both transformer as well as motional emfs are produced in the conductor 
or the coil. This process thus involves both tiansfer and conversion of energy. This 
principle is utilized in the working of commutator machines. 

2. Biot Savart’s law. This law gives the value of force produced on account of 
Interaction between a magnetic field and a current carrying conductor. The electromagnetic 
force is given by ; 

/•■BH sin a newton -.-(1*5) 

where 2J~flux density, Wb/m* (T) ; 

I—length of conductor, m ; 

t--current carried by conductor, A ; 

a=angle between the direction of current and the direction of 
magnetic field. 

T.ic direction of the force produced is perpendicular to both current and magnetic 

field. 


In electrical machines, the magnetic field is radial in the air gap t'.e. the conductors 
and the magnetic field are perpendicular to each other and thus «—90°. 

newton ...(1*6) 

In Fig. 1*2 (a), B represents the flux density of an undisturbed (original) magnetic- 
field. The iritioriuciiori if itm carrying conductor introduces anew magnetic field. 
Ihe original field and the in Id due to conductc r combine to pi educe a resultant field as 
shown in Fig. 1 2 (ft). The resultant field is distorted in the neighbourhood ol the conductor, 
the resultant flux density being greater on one side a id lesser on the other and this results 


I 

i 

I 

I 


(«) * (ft) (e) 

Fig. 1*2. Force on a current carrying conductor situated perpendicular 
to a magnetic field (interaction law) 
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in production of an electromagnetic force in the dim tic n indicated. In case the increase 
in flux density on one side is equal to the reduction on the other side, the electron^ netic 
force is given by Eqn. 1'6. 

When either the direction of the current or the direction of the magnetic field is 
reversed, the direction f.u ce acting on the conductor is reversed. However, if the directions 
of both the current as well as the magnetic field are reversed, the direction of the force 
produced remains unaltered. Fig. 1‘2 (c) shows the effect of revet sing the current when the 
direction of the field is unchanged. It is dear that under these conditions the direction ef 
force produced is reversed. 

Biot Savart’s law can be applied 
to determine force between two current 
carrying conductors. Fig 1 3 shows two 
parallel current carrying conductors of, l 
separated by a distance D 
and situated in a medium of per¬ 
meability p. The two currents 
are/j and/ g . In Fig. 13 (a) the two 
currents flow in the same direction while 
in Fig. V3 (b) they flow in the opposite 
direction. The residmin magnetic fields 
are also shown. It is < ar that when 
conductors carrv tun cut in the same 
dheetjon, there is a bine of attraction 
between them, while there d a force of 
repulsion b tween tf. in if they currents 
in the'opposite diicctice. 

Tin valu“ of tiie flux density, at the position of cor ductor ratrying curient 1$, due 
to cum nt /, is : 


!<►*-* o —| 
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ta) Attraction ( b ) Repulsion 

Fig. 1.3. Force between current carrying conductors. 
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Electromagnetic force 


F=BIl » 
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1 1 /* newton 


...(F7) 


Alignment. If a magnetic field exists in an ambient low permeability medium 
like air and if a piece of high permeability material is placed in this field, the 
latter experiences a force which tries to align it with the direction of field in such a way that 
it occupies a position of minimum reluctance. The principle of production of force due to 
alignment is used to reluctance motors. 
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Electrical Engineering Materials 

21. Electrical Conducting Materials. Materials serving as electrical conductors 
can be divided mt » main groups, namely : 

1. High Conductivity Materials. These materials are used for making all 
types of windings required in electrical machines, apparatus and devices, as veil as for 
transmission and distribution of rkcMic energy Thtse materials should have the least 
possible resistivity. 

2. High Resistivity,Materials (Alloys). 1 hose materials are used for making 
resistances and heating devices. 

2 2. High Conductivity Materials. The fundamental requirements to be met 
by high conductivity materials are : 

(i) highest possible nmductivit) (least resistivity), 

(it) least possible t< mperature co-efficii ”* of resistance, 

(iii) ad< quale mechanical strength, in particular, high tensile strength and elongation 
characterizing to n tertain degree of the flexibility, t.e. absence c f brittleness, 

(ie) reliability and drawability which is important in the manufacture of wires of 
small and intricate sections, 

(r) good weldability and soldcrability which ensure high reliability and low electrical 
resistance of the joints, 

and (♦>») adequate resistance to corrosion. 

The above requirements vary with the purpose. For example, it is desirable to make 
he windings of electrical machines of least possible resistivity even at the expense of 
slight loss in tensile strength. 

The need for high mechanical strength and flexibility is self-evident. Even where 
conductors operate without significant mechanical loading, as it. coils of various electrical 
apparatus, the operations involved in making these coils require that the wires have 
definite mechanical properties. It is, therefore, essential to know the values of resistivity, specific 
weight, density, resistance temperature coefficient, co-efficient of thermal expansion, thermal, 
conductivity specific heat and tensile strength of conducting materials used in electrical 
machines. 

2*2*1. Copper. Copper is the most widely used electrical conductor combining, 
as it does, high electrical conductivity with excellent mechanical properties and relative 
immunity from oxidation and corrosion under service conditions. It is highly malleable 
and ductile metal. It can be cast, forged, jrolled, drawn, machined. Mechanical working 
hardens it but annealing restores it to soft state. 

Most electrical machines employ windings of annealed high conductivity copper. 
The International Annealed Copper Standard (IACS) has at 20°C, a resistivity 0 017241 X 
10"* Q ro, a jesistance temperature co-efficient 0*00393 per °C and a tensile strength 
220—250 MN/m*. 6 
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Hard drawn copper wires are used in decimal machines as wire drawing increases 
the mechanical strength although the resistivity also increases a little. 

Copper is universally used for windings of el .trical machines because it is easily 
workable without any possibility ol fracture. Further it can be soldered easily which simplifies 
the jointing protest 

The proper*;es rf annealed roppei are given in Table 2'!. 

Table 2‘i 


Characteristic ! 

! 

Copper 

Aluminium 

(/) Density, kg/m* 

8900 

2700 

t ii) Melting point, °C 

1083 

660 

(tii) Thermal conductivity 

W/m—°C 

550 

200 

(iV) Resistivity, 12 m 

! 0 01774 xiO-* 

1 

0‘0287 x 10* 

fv) Resistance temperature co¬ 
efficient at 20°C, — l 0 C 

( S 

0 0039 

(vi) Co-cfficicm of thermal ex¬ 
pansion ;•* 10 o L;°C 

.6-7x10-* 

25 5x 10-* 

(vii) Specific heat, J/kg- °C 

(viii) Specif ' slicngfh MN/m 1 

390 

220—250 

920 


The sizes of copper conductors as per Indian standard specifications and British 
standard specifications ;uo given in chapter 18. 

2 2.2. Aluminium. It is predicted that at the pres'nt rate of" consumption 
of copp»"> existing deposits will be exhausted within a period of about 40 yean and with 
constantly acu-k rated rate of consumption, this period may be as short as possible. The 
only freely available conductor material capable of replacing copper for the windings of 
electrical machines is aluminium. 

Aluminium is joining ever increasing applications for a number of economic and 
engineering reasons, primarily the high demand for conductor materials which cannot be 
met by copper production alone. Therefore, aluminium which is the conductor material 
next to copper is used. Also aluminium is available in abundance on earth’s surface 
Pure aluminium is softer than copper and therefore, can be rolled into thin sheets 
(foils). Aluminium cannot be drawn into very fine wires on account of its low mechanical 
strength. 

Ir. replacing copper conductors with aluminium ones in electrical machines due 
account should be taken of their differences in resistivity, density and mechanical 
strength. 

The following analysis helps in the expansion of copper and aluminium conductors 
used in electrical machines. 

Let us consider a conductor having length l, area o, resistivity p and mass density g. 
The conductor is carrying a current l. 

Copper loss in conductor 

P t =I*R=a(Sa)* p l-=V P la ...(2T) 

where 8=current density 


12 


ELECTRICAL MACHINE DESlON 


Copper loss per unit volume (specific copper loss) 


P« 



•( 22 ) 


and copper loss per unit mass 



...(23) 


Therefore, specific copper loss varies direct'y as resistivity and inversely as mass 
Jensity. The average temperature of conductors in electrical machines is approximately 
73*C. The resistivity of copper is 0'021xl0~ 8 Q m at 75*, while that of aluminium 
is 0 034 X 10“* Om. The ratio of resistivities is 0 034/0 021 = 1 '62. Therefore, for the sam e 
volume of conducting material, the PR losses in a machine aluminium conductors are 1’62 
times that in a ma< him* using copper conductors. The rating of a machine is determined 
by the temperature rise which in turn is directly proportional to losses. Thus for the «am+ 
temperature rt->e (and hence for the same loss), the current rating of a machine 


using aluminium conductors is 


f• tt - —0‘78 times that 

4 l b2 


of a machine using copper 


conductors. Hence, the use of aluminium conductors results in f reduction of rating by 22%. 


The above is true of standard industrial tranformers, motors and generators. How¬ 
ever, large transformers, motors and generators differ radically from most industrial 
machines in that each is tailor made for a particular application, thereby permitting design 
modification to offset to some extent the disadvantage of higher resistivity of copper. 
For example, for the same loss and same length of the conductor, the aluminium condu¬ 
ctor should have an area 1 '6 2 times that of copper which means an increase of space by 
about 60%. Thus in rotating electrical machines where the slot width is fixed, the slot 
depth has to be increased by about 60% to accommodate deep aluminium conductors. If 

round conductors are used, the area of aluminium wire is 4 r62“l'27 times that of copper 
wire to give the same loss. However, since the density of copper is 8900/2700»»3*3 
that of copper, the weight of aluminium conductor to give the same loss is 1’62/3*3 
■cO'49 times that of copper. 


The comparison of copper and aluminium used as conductors is given in Table 2’2. 
This is valid for equal resistance per unit length. 


Table 22. Compai icon of Aluminium sad Copper Wires 


Item 

Copper 

Aluminium 

Cost 

1 

0’49 *p e lpa 

Cross-section 

1 

1-62 

Diameter 

1 

1’27 

Volume 

1 

204 ' 

Weight 

1 

049 

Breaking strength 

t % 

0(4 


* p«««unit price by weight of copper. 
p a »unit price by weight of aluminium. 
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Aluminium was first used, instead of copper, in the armature and field windings of 
motors, generators etc., and in transformers built in Germany during 1914—18. Although 
it is claimed that such machines compete in effuioncy and price with copper wound 
machines, aluminium K however, at an obvious disadvantage wherever the space for 
windings is limited. When using aluminium winding wires, machines have to be redesigned 
for larger slots to accommodate aluminium wire if it is to have the same r< sistance as the 
copper wire it replaces. 

For induction motors with power outputs up to 100 kW, aluminium can be used 
as material for bars and squirrel cage. The squirrel cage rotor windings can lx: fabricated 
by brazing slot bars to end rings or by integral casting with silicon-aluminium alloy 
(6—12% Si) of resistivity 0 04 >< 10"*—0'05X 10~*Q m. In the latter case bars and rings are 
obtained by pouring molten aluminium into assembled rotor core. Die cast aluminium 
windings are extensively used for rotors of induction motors. 

Super-enamelled aluminium wires are used for stator windings of small induction 
motors. 

Aluminium is also used for windings of transformers. Aluminium when adopted 
as a conductor material in small transformers, decreases the overall cost of the transformer. 
But when used in large transformers it gives increased size anti cost. A new develop¬ 
ment in the field of transformer manufacture is the use of foil type windings. ’1 his is 
because aluminium can be rolled to thinner and more flexible sheet than copper. Thin 
sheets of aluminium (foils) are used to make bobbui type of coils of one turn per layer. 
Foil type windings are often used for low voltage windings of small and medium rated 
transformers. 

V Aluminium is now used for the manufacture of transformer tanks because of its 
light weight. Also use of aluminium tanks in place of steel tanks reduces the stray load 
loss. 


Aluminium oxidizes very quickly in normal atmospheric conditions and acquires a 
thin film of oxide Al 2 0 3 , which effectively protects it from further oxidation. By reason 
of the high melting point of the aluminium oxide coating (of the order of 2000°C) and the 
rapidity which a freshly exposed aluminium surface becomes oxidized, aluminium wire 
cannot be soldered by conventional means. Now-a-days aluminium is successfully soldered 
by using special ultrasonic soldering irons. The jointing of connectors in an aluminium 
winding offers no difficulties. 

2'2 - 3. Iron and Steel. Steel alloyed with chromium and aluminium is used for 
making starter rheostats where lightness combined with robustness and good heat dissi¬ 
pation are important considerations. 

Cast iron is used in the manufacture of resistance grids to be used in the starters of 
large motors. 

2’2 4. Alloy* of Copper 

1. Bronze. Copper base alloys containing tin, cadmium, berryllium and certain 
other metals are generally called ‘bronzes’ and used as high conductivity materials. All 
bronzes possess high mechanical strength as compared with copper, but have higher 
resistivities. 

Beryllium Copper. It has been found that tu .uUnuou ,<f . - per cent berylium 
to copper makes a hard alloy which is capable of being rolled and formed into springs 
and contact strips. Therefore, it is used for current carrying springs, brush holders, 
sliding contacts and knife switch blades. Its resistivity is 3 to 6 times that of copper. 
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Ca lminm Copper. Alloys containing 11 per cent catf'nium give wires which art 
stififer, harder, and of higher tensile strength than hard-drawn copper. It is used for making 
contact wires and commutator segments. Cadmium copper is also used for cage windings 
because it can be flame brazed witu nt deterioration. 

2. Brass, This finds a very wide application in electrical engineering field. It 
generally contains 66 per cent copper and 34 per cent zinc. It has greater mechanical 
strength and wear resistance than copper, but considerably lower conductivity (high resisti¬ 
vity). Brass is easily shaped by press iorming methods, lends itself to deep drawing, hat 
good weldability* and solderability, and is fairly resistant to coriosion. Therefore, it has 
gained wide use in the manufacture of electrical apparatus as current carrying and 
structural materials. 

3. Copper silver alloy. This alloy contains 99 - I0% copper and 0 06 to 0‘1 per cent 
stiver. It has a resistivity 0'01814X 10“ 8 flm. Silver bearing copper is used in turbo-alternators 
because of its resistance to thermal shortening and creep. 

Table 2‘3 shows properties of copper alloys. 


Table 2 3. Properties of Copper Alloys 


Material 

State 

Resistivity 
(times copper) 

Tensile strength , 
MN/m* 

Cadmium Copper 

1 

Annealed 

105 

Upto 300 

(0-9% Cd) 

Hard 

H to 1-2 

Upto 715 

Bronze (Cd O'8% Sn 0 - 6%) 

Annealed 

1 65 to 1*8 

Upto 280 

Hard 

1-8 to 2 

Upto 715 

Beryllium Copper 

Annealed 

60 

480 to 590 

(Be 2'25%) 

Ageing at 350'C 

3'3 

90 to 1080 

Brass (Cu 70% Zn 30%) 

Annealed 

40 

340 to 510 

Hard 

1 

__i 

40 

Upto 860 


2*3 Materials of High Resistivity. Conductors of high resistance are used 
where itds actually desired to dissipate electrical energy as heat t.e., in starting and regulating 
devices for motors etc. In such cases it is usual to call the high resistance conductors as 
resistors, resistance coils, resistance elements or heating elements. 

Materials of high resistivity are primarily alloys of different metals. Among metals 
that have been particularly important as basic materials for making these alloys, the following 
may be mentioned : nickel, silver and iron. They can be classified according to their 
purpose. Three categories are : 

(*) The first group consists of materials used in precision measuring instruments 
and in making standard resistances and resistance boxes. 

(•'<) The second group consists of materials from which resistance elements are made 
for, all kinds of rheostats and similar control devices. 

(m) The third group consists of materials suitable for making high temperature 
elements for electric furnaces, heating devices and loading rheostats. 

2*3*1. Materials used for Precision Work. An important requirement imposed on 
high resistivity materials intended for use in precision electrical instruments and for making 
standard resistances is stability of resistance over the period of time (no tendency to age) 
and during *««««» Hcma of tenjperature. The latter implies that the material should have * 
ln>nS«r^entun aEseient, The thatao-eleclro-mortve force raultfog 
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contact of material with copper should be minimum so as not to introduce errors into 
measurements. Cost is not of much importance for these materials. 

The most important material used for this class is Manganin. Its classical composition 
is Cu 86 per cent» Mn 12 per c< nt and Ni, 2 per ‘cent. Nickel serves to reduce thermal emf 
of contact with copper to a very low value, of about l'O /uV/°C. This alloy has a resistivity 
of 0'43 X 10~® Q m and « resistance temperature coefficient of the order of 1 X 10 -6 per °C. 

2'3*2 Materials used for Rheostats. The resistance material's used in making 
rheostats can have a large thermo-t*mf and a large resistance temperature co efficient. But 
this material should meet special requirements such as a high permissible working temperature 
and low cost, the latter being dictated by the fact that these materials are required in large 
quantities in widely used devices and equipment where large changes in resistance are 
allowed. 

The principal alloy in this group is constantan, consisting of 60 to 65 per cent copper 
and 40 to 35 per cent Nickel. Sometimes small amounts of Manganese and Iron are also 
included. Soft constantan wire has resistivity of 0 46 to 0 53 x 10‘* Q m and hard constantan 
wire, 0‘46 to 0'53 X 10“® Q m. The resistance temperature coefficient is near zero. It has 
a thermo-emf of 39 ft V/°C with respect to copper. Constantan can be safely used upto a 
temperature of 500°C. A voltage (maximum) of one volt per turn should be used when 
designing constantan wire rheostats. 

2 3 3 Materials used for Heating Device*. The primary requirement for high 
temperature resistance alloys intended for use in electric furnaces and heating devices is a 
high working temperature. This requirement is satisfied by a material which has a sufli* 
ciently high melting point and is either non-corrosive or forms a surface layer of dense, high 
melting oxide protecting it from further corrosion. Platinum is an incorrodible material with 
a high melting point (1710°C) with a resistivity 0T17 X 10“* Q m. Platinum is used in 
laboratory electric furnaces with a working temperature of 1300 8 C. 

The most extensively used high working temperature resistance materials are alloys of 
nickel, chromium and iron called Nichrome and alloy of aluminium, iron and chromium. 
The quality of these alloys, especially the working temperature strongly depends upon the 
chromium content. The presence of chromium ensures a high melting point of oxide 
coating. The resistivity of Nichrome varies from l‘I to 1 '27 x 10“* Q m. 

Nichrome is available as round wire and strip, cold drawn with an oxidized surface 
f i f irl als o hot rolled with scale covered surface. The optimum working temperature foi 
Nichrome wire is 900° to 1000°C. 

Ihe resistance wire data is given in Table 2'4 on page 16. 

2'4. Electrical Carbon Materials. Electrical carbon materials are manufactured 
from graphite and other forms of carbon coal etc. The conductivity of carbon used is 
slightly less than metals and alloys and therefore it is used for making brushes for electrical 
machines. 

Brush carbons are often graphited i.e. heat treated to increase the size of crystals. 
This raises the conductivity of the brushes and reduces their hardness. Carbon brushes should 
acquire a mirror smooth surface soon after being put to service. This is because they 
ride on commutators of electrical machines and, therefore, unless their surface is smooth, they 
will cause wear of commutator and will wear it down rapidly. The characteristics of 
different kinds of brushes are given in Table 2'5. on page 17. 

2*5. Super-Conductivity. Very few practical electromechanical devices are 
built u sin g only current carrying conductors and no iron to act as magnetic circuit because 
of the relatively small forces or torques that can be produced per unit of machine volume. 
Thu j„ because of weak magnetic fields owing to absence of iron. While there is no limit on 
the value of Shut density that can exit in air or space but in order to produce a strong field in 

Vttarpan Jaiofclma Public I*r_ 
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air, the conductors have to carry a large value of current. The high value of this current 
can be obtained by : 

(*) adopting a large conductor area and thus using a small value of current density, 

(ft) adopting a small conductor area and thus using a large value of current density. 

Now, if a low value of current density is used, the conductor area has to be large which 
results in large volume of machine. On the other hand if a high value of current density is 
used, smaller conductor areas are obtained. This no doubt results in reduction in the 
volume of machine, but small conductor area results high resistance for the machine and, 
therefore, the PR loss is high resulting in large temperature rise. 

Thus, it is clear that the value of flux density is limited by current density in 
conductors producing the field. With copper or aluminium conductors at normal operating 
temperature current densities must generally be limited 10 about 1 to 10 A/mm*. 

It is also clear from above that the li mi tations are not imposed by current density as 
such but by the excessive temperature rise produced on account of high value of resistance 
due to use of small conductor areas. 

The resistance also depends upon the value of resistivity. Therefore, if we have a 
material of zero resistivity its resistance will be zero (and hence PR loss will also be zero) 
irrespective of the value of conductor area. Thus with such a conductoaroe can use a 
very high value of current density (and hence a very high value of flux density in air) 
giving very small machine volume and there will be an added advantage of absence of iron 
parts in the machine. 

Materials exhibiting zero value of resistivity are known as ‘superconductor*’. A large 
number of metals become super-conducting below a particular temperature characteristic of 
the particular metal. This temperature is known as the transition temperature. Table 2*6 
gives the transition temperatures. 

Table 2*6. Traaaittaa Tcanpemtenroo 


Ms lab 

mum 

CwyoMwfe 

IhmMa 

lhq«Mm 

Aluminium 

MS 

Ft, Ad 

TO 

Cadmium 

0*32 

Soft 

9*f 

Indium 

9*41 

Co, S 

1*4 

Lead 

7* If 

UoN 

106 

Mercury 

419 

ZrC 

01 

Tin 

9*72 



Uranium' 

ON 



Zinc 

ON 

I 




Super conducting compounds and alloys do not necessarily have components which 
are themselves superconducting. 

It is interesting to note that metals which are very good conductors at room 
temperature ».e. copper, silver and gold etc. do not exhibit superconducting properties, on 
the other hand the metals and alloys which are bad conductors at room temperature have 
gnper- conducting properties. 
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Superconductivity will disappear if the temperature of material is raised above its 
critical temperature or if a sufficiently strong magnetic field or current density is employed. 
This critical magnetic field s e. the field at which superconductivity vanishes and the critical 
current density are a function of temperature and are low for high temperatures. The 
transition from the superconducting state to conducting state is reversible. 

Coming back to electrical machines, with the introduction of superconducting materials, 
much higher current densities are possible and practical machines working at low temperatures 
(below me transition temperature of the materials used) maybe developed. Supercooled 
coils can product flux densities of 10 Wb/m 1 or higher. In comparison, it is only pc >sible 
(with great difficulty) to produce a flux density of 0*1 Wb/m 1 in the absence of iron parts, 
by using normal coils at room temperature. Therefore, it is clear from above that with the 
development of superconductors, the machine aims may be considerably reduced. 

Superconducting transformer windings and rotor windings of large alternators have 
been developed but the experiments show that they are not yet economically feasible. This is 
because the advantages of superconductivity must be balanced against the capital, operating 
and energy>loss costs of providing it. 

2 6. Magnetic Materials. All magnetic materials possess magnetic properties to 
a greater or a lesser degree. The magnetic properties of matenals are characterized by their 
relative permeability. In accordance with the value of relatire permeability, materials 
may be divided into three broad classes. 

1, Ferromagnetic materiala. The relative permeabilities of these materials are 
much greater than unity and these permeability values are dependent upon the magnetizing 
force. 


2. Paramagnetic materials. These materials have their relative permeabilities 
only slightly greater than unity. The value of susceptibility is thus positive for these 
materials. 

3. Diamagnetic materials. These materials have their relative permeabilities 
slightly less than unity. In both Paramagnetic and Diamagnetic materials the value i-f 
permeability is independent of the magnetising force. 

When a paramagnetic or a diamagnetic material is placed in a magnetic field, the 
distortion of field is negligible and, therefore, the force exerted by the magnetic field is small. 

When a ferromagnetic material is placed In a magnetic field, there is considerable 
distortion and, therefore, the force exerted is very large. Tnis property makes ferromagnetic 
materials very useful for electrical engineering applications. Iron, Nickel, Cobalt, and many 
of their alloys are ferromagnetic. To these substances can be added certain other ferroma 
gnetic alloys and compounds containing aluminium, chromium, manganese, copper ana 
stiver. 

21. Type* of Magnetic Materials. 

1 . Soft magnetic snateriala. The hysteresis loss depends upon die area of hystercsL 
loop. For this reason, magnetic cores used in alternating magnetic fields are made from 
whose hysteresis loops are more or leas narrow (see Kgs. 2*1 (o) and (6)]. These 
iMtwiili are called soft magnetic materials. 

Soft magnetic materials are used in the manufacture of Metrical machines, transfor¬ 
mers and many kinds of electrical apparatus, instruments and devices. 

2 Rmrd magnetic materials. Materials with broad hysteresis loops (Fig. 2*1 (e)] 
am called hard magnetic materials. These materials are used in certain types of electrical 
medium of low power rating, and In all kinds of in*moment* and devices requiringperma- 
nant magnets which set up magnetic ieids of tbs ? own, 
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(«) lb) (s) 

Fig. 2'1. Hysteresis loop*. 

2.8 Soft Magnetic Material*. Soft magnetic materials employed in commercial 
practice may be considered under the following three classifications : 

(») Solid core materials (it) Electrical sheet and strip 

{Hi) Special purpose alloys. 

2 81. Solid core materials. These materials are normally used for parts of magnetic 
circuits carrying steady flux such as cores of d.c. electromagnets, relays, and field frames of 
d.c. machines. The basic requirement used for steady magnetic fields is high permeability, 
particularly at high values of flux densities. For majority of uses it is also desirable that 
hysteresis be low. The principal materials used are soft iron, relay steel, cast steel, cast iron 
and ferro-cobalt (an alloy of 35 per cent cobalt and 65 per cent iron). 

1 . Iron, low carbon, and silicon steel. Technically pure iron is widely used in 
many kinds of electrical apparatus and instru.nents as cores and pole shoes for eletromagnets, 
components for relays, electrical instruments and other devices. 

The most harmful impurity is carbon which sharply raises the coercive force and 
hysteresis loss. Silicon produces a harmful effect on very pure iron. But with the presence 
of oxygen in the iron, silicon is helpful as it increases the grain size. This increase in grain 
size improves the soft magnetic properties. During mechanical working the soft magnetic 
properties of the materials deteriorate and, therefore, it should be annealed in order to 
restore it to its initial state. 

Low carbon electrical steel and iron have a comparatively low resistivity. Electrolytic 
iron for example has a resistivity of 0*1 ohm per m and mm*. Because of their low resistivity, 
these materials have large eddy current loss if they are operated at high flux densities in 
alternating current fields. This limits their use to fields carrying steady flux or weak 
alternating current fields. 

2. Gnat iron. It has a low relative permeability and.is used principally in field frames 
when cost is of primary importance and extra weight is not objectionable. 

3. Gray cast iron. It is magnetically inferior to wrought iron or steel but is used to 
a limited extent because of ease ot casting Complex shapes. 

Cast iron ufually fcontains from 2‘7 to 3'6 per cent carbon, 2’0 to 2*7 per cent silicon. 
Phosphorus ranges from 0‘15 to 0*5 per cent and sulphur under 0‘15 per cent. 

4. Gant Steel. Cast steel is extensively used for those portions of magnetic circuit 
which carry steady flux and need superior mechanical quantities. Good quality cast steel has: 
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Carbon 5*5%, Silicon 0‘2%, Manganese 2*5%, Phosphorus 0*08% and Sulphur 
0*05%. 

5. Soft Steel. Rolled and welded frames of soft steel plates are now widely used in 
place of cast steel. 

6. Ferro.cobalt. It is characterized by very high permeability in the upper part of 
the normal induction range. It has its saturation flux density 10 per cent higher than that of 
pure iron. Its cost is relatively high and its use is limited to pole pieces where a high value of 
induction (flux density) is desired. 

2*8*2. Sheet Steele. 

Electrical Steel Sheets (Non Oriented Steel). In the early days of electrical 
industry the sheet material used for the magnetic circuits of electrical machines and the cores 
of the transformers was iron with a low content of carbon and other impurities. This had 
one major disadvantage—that of 'ageing’. Ageing is the term used to denote the deterioration 
of magnetic performance in service, caused by increase in co-ercive force and hysteresis loss 
which in turn caused commulative overheating and subsequent breakdown. At the beginning 
of the present century, however, it was discovered that a great improvement in magnetic 
properties could be obtained by alloying silicon with iron. At present the laminations used 
in electrical machines and in transformers working at or near supply frequencies are made 
of silicon steel in which the content of silicon lies from about 0*3% to 4'5% by weight. 

Addition of silicon virtually eliminates ageing problem, gives reduced hysteresis loss 
and increased resistivity thereby reducing eddy current loss. Unfortunately the addition of 
silicon has two serious drawbacks as the percentage of silicon increases, it is found that there 
is some loss of permeability at higher flux densities and loss of ductility. Therefore, above 
about 5% silicon content, the resulting alloy is very brittle and cannot be punched or sheared. 

The electrical sheet steels available vary from those having a low silicon content and 
therefore possess good permeability at high flux densities (high saturation flux densisy), high 
ductility but high losses, to those having high silicon content and subsequently lower 
permeability, lower ductility but also lower losses. These electrical sheet steels may be 
manufactured by either hot rolling or cold rolling. 

In rotating electrical machines, it is desirable to work the iron parts at higher 
values of flux density in order to achieve a higher output to weight ratio. The magnetic 
material .therefore should have a high saturation flux density and hence the presence of silicon 
is a disadvantage. Therefore in rotating electrical machines we use steels of low silicon 
content and these steels are termed as -“dynamo grade steel” 

In small machines where iron losses are of secondary importance materials with 
0*5% silicon or less are employed. On the other hand in turbo-generators the highest 
possible efficiency is desired and therefore in order to keep down iron losses, high silicon 
content laminations (upto 4-5% silicon) are used. 

Sheet steels possessing higher silicon content (4—5% silicon) called “transformer 
grade ateels” are mainly used in transformers as not much importance is attached to 
the magnetizing current. This steel is called high resistance steel (h, r. s.) on account of its 
high resistivity and consequently low eddy current loss. 

The various grades of electrical sheet steel (Non-oriented Steel) are specified in 
IS : 648—1970. This steel is used for machines and transformers working at power frequency. 
The steel may be cold or hot rolled. 

IS 648—1970 specifications for Non-oriented Electrical Steel Sheets for magnetic 
circuits specifies nominal thickness, length, and width maximum core loss (at flux densities of 
1 Wb/m* and 1*3 Wb/m*) and silicon contents for various grades. 

The standard grades and their characteristics are listed in Table 2*7. on pages 22*23. 



Table 2'7. Characteristics of Non-oriented Electrical Sheets for magnetic circaits 
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i'h - preferred iengths and widths are given in Table 2*8. 

Table 2 8. Preferred lengths mad width* of non-oriented steel sheet 


i.eof '• nvn 

3000 

2300 

2000 

1500 

Width mm 

1000 

1000 

1000 

750 


Gold Rolled Grain Oriented Steel, (c.r.o.s.) By far the largest portion of magneti- 
zing nriinf in a normal rotating machine is required for the air gap, but ii iron is worked too 
far in saturation region of its B—H curve the mmf required for iron parts of magn^ir 
circuit w'<i'ld he very large. Since in order to keep down the size of the machine it is 
n'*r<. ;f:>i / to me a high flux density, the natural out-come is to develop a material which 
..llr-ws i.n parts to bo worked at high flux densities without requiring a large mmf and 
voinout causing excessive iron loss. 

In ordinary hot rolled sheets the constituent crystals are disposed in a random fashion. 
"i (•. :n " taliograr)hic axes of the individual crystals do not take up any special alignment with 
in j >-'( to t*v' •dm'ction of rolling* with sheet surface or with each other. As a result, hot 
rout'd '.‘heels, have a low value of permeability. 

"f he rolling direction of the material is magnetically superior to the other directions 
■ , iho d*eet .«;■ i (his m-openy led to ,*thc introduction of "cold rolled grain oriented sheet 
st" T ; > 5 - ts»-;'*v;farmred hy a series of cold reductions and intermediate annea¬ 
ling' . This Co: reduced material has strong directional magnetic properties, the rolling 
d : -Acii<in being (he direction of highest permeability. This direction is also the direction 
i.i h u • st , * ■:«'; "is io s. This type of material is suitable for use in transformers and also for 
Iv"' turbo-uiu r ?aiors ince the axis of the core can be made to correspond with the rolling 
direction of the sheet and therefore full use is made of high permeability low loss direction 
•'f the sheet. 




rile directional variations of iron Ion and magnetizing current of a typical specimen 
cold rolled grain oriented steel are given 


In Fig. 2’2. The iron loss and magnetizing 
current in the direction of rolling for a 
given peak flux Vnsity are each taken as 
unity. For example, relative iron loss and 
magnetizing current are respectively 3"€ 
and 120 for magnetization on an axis at 60° 
to ‘he direction of rolling. The use of c.r.o.s. 
is highly advantageous if its direction¬ 
al properties are properly utilized. This 
stiv? can lie worked to higher flux densi-- 
tit s than l\ r. s. 

Cold rolled grain oriented steels, 
though costly, give much reduced iron 
loss; and much better magnetization curve 
ihan hot rolled steels. Therefore it is possi¬ 
ble to employ a substantially higher ^ flux _ 
density in the core for a given magnetizing current. 

I S. 3024—1965 (Amendment 1966). Specifications for Electrical 
(oriented) gives the specifications for cold rolled grain oriented steel. 



steel sheets 


Thickness of lamination *"0'33 nun 
Density -7650 kg/m» 
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The guaranteed maximum iron loss and magnetising VA at 50 Hz and2h»»*r* 
Wb/m*, for various grades are as shown in Table 2 '9. 

Table 2 9. Specific iron loss and VA/kg for different grades of c. r. o. s. 


Grade 

W/kg 

VA/kg 

136(62) 

136 

2-65 

123(56) ' 

1-23 

209 

112(51) 

1*12 

1-66 

101(46) 

1*01 

1-33 


The figures within brackets indicate the corresponding grades used by Precision 
Pressing Division of M/s Guest, Keen, Williams. 

. The B—H curves and loss curves of various grades of laminations are given in 
Chapter 4. 

2 8 3. Special Purpose Alloys, In older to obtain high flux densities in weak 
magnetic fields in, say instrument transformers, use is made of speci.d magniric alloys having 
high initial and maximum permeability. A group of iron alloys containing Nickel between 
30 to 90 perc, nt with possible addition of molybdenum and chromium when given appro* 
priatc treatment during manufacture show very high permeabilities at low flux densities 
and much lower losses than iron. The important alloys in this category are Permalloy and 
Mumetal. 

I. Mumetal. It has a lower permeability but has high electrical resistance so that eddy 
current losses are lower. It contains a certain amount of copper. 

2; Permalloys. According to the nickel content, commercially produced permalloys 
can be divided into two groups : high nickel and lew nickel. 

High Nickel Permalloy. It is alloye 1 with small amounts of molybdenum, molyb> 
denum with copper or molybdenum with chromium, the nickel content bf i-g as high as 80 
percent. It has high initial and maximum permeability and high resistivity. This makes 
it suitable for magnetic amplifiers, weak current transformers, cored induction coils commu¬ 
nication an t control equipments. 

Low Nickel Permalloy. It contains nickel from 38 to 50 per cent with additions 
of manganese, silicon and chromium. It has lower permeability than high nickel variety but 
has higher resistivity. It is used for making cores of transformers, induction coils and chokes 
and communication equipment. 

3. 8 up e rperm allqy. It consists of iron and nickel alloyed with copper and molyb* 
denum. This alloy is distinguished by its high purity. It has a very high initial relative 
permeability of upto 100,000. 

4. Perminvar. It is often necessary to have a magnetic material in which the permea¬ 
bility is independent of the field strength. Such materials find applications in certain kinds 
of chokes and current transformers. One of these alloys is perminvar an alloy of iron, nickel 
and cobalt. Its use is limited by high cost and difficulties in its manufacture. 

5. Permendur. For cores and poles of magnetic circuits whose purpose is to provide 
a rather strong magnetic field in the air gap of apparatus such as electromagnets, oscilo* 
graphs, microphones etc., it is necessary to nave a material capable of setting up a flux 
density much greater than that obtained with electrical steel. An alloy meeting above 
requirement is permendur. It contains 49 per cent cobalt and 2 ner cent vanadium, and 
44 oer cent iron. 
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Table 2*10 thaws the properties of some high permeability alloys. 

Table 2* 10. Properties of Special Parpoee Alloys 


' Propertks 

Mumttal 

Ptrrmndur 

« 

Initial relative permeability 

40,000 

1000 

Maximum relative permeability 

120,000 

7000 

Saturation Density, Wb/m* 

0*8 

2*36 

Hemanonce from Saturation (Wb/m*) 

0*47 

1*5 

Co-ercive force. A/m 

02 

160 

Co-efficient of linear expansion,/*C 

13*10-* 

9*10-* 

Resistivity, Qm 

0*6* 10-* 

0*47* 10-* 

Density, k«/m* 

8800 

8050 

Specific heat (J/k*-*C) 

439 

— 


26. hseltdag Materials. Insulating materials or Insulants are extremely diverse in 
origin and properties. They are essentially nonmctallic, are organic or inorganic, uniform 
or heterogeneous in composition, natural or synthetic. Many of than are of natural origin 
as, for example, paper, doth, paraffin wax and natural resins. Wide use is made of many 
inorganic insulating materials such as glass, ceramics and mica. Many of the insulating 
materials are man-made products manufactured in the form of resins, insulating films etc. In 
recent years wide use is made of new materials whose composition and properties place 
them in an intermediate position between inorganic and organic substances. These are the 
synthetic organo-silicon compounds, generally termed as silicones. 

216. Electrical Properties mt In—lating Material*. There are many properties 
which determine the suitability of a material for use as an insulating material. 

Resistivity or specific resistance, electric strength or breakdown voltage, permittivity 
and dielectric hysteresis. 

An ideal insulating material should have : 

(*) high dielectric strength, sustained at elevated temperatures, 

(is) high resistivity or spedfic resistance 
(Hi) low didectric hysteresis, 

(!v) good thermal conductivity, 

(v) high degree of thermal stability i.e. it should not deteriorate at high tempera¬ 
tures. 

In addition to above die material should have good mechanical properties such as ease 
Of working and application should be aide to withstand moisture, it should be non-hygros- 
copic vibration, abrasion and bending. Also it should be able to withstand chemical 
attach, heat and other adverse conditions of service. 

* 

In addition to above electrical properties, we must also consider the mechanical 
properties of the material, and its ability to withstand moisture, chemical attack, heat, and 
other conditions of proposed service. 
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. Unfortunately, the electrical properties of insulating materials vary widely with many 
factors, including: 

(*) dimensions of test piece, w 

(si) r.m.t. value, wave form and frequency of impressed voltage* 

(iii) temperature and moisture content of test piece, 

(tv) mechanical pressure on test piece. 

Tlie data obtained by laboratory tests on specimens may be taken as typical value 
and a high factor of safety must always be provided in electrical insulation to allow for effect 
of moisture, heat, mechanical stress, and abnormal electrical voltage gradients owing to 
surges. Allowance also must be made for burrs, sharp edges which produce intense local 
voltage gradients. 

2'II. Temperature Rive and Insulating Materials. Every electrical machine is 
a power converting device. A generator converts mechanical power into electrical power, a' 
motor converts electrical power into mechanical power and a transformer converts electrical 
power at one voltage to electrical p jwer at another voltage. During these processes of power 1 
or energy conversion, some waste in energy is inevitable. In electrical machines the. loss 
in energy occurs in electric circuits and in portions of magnetic circuit which carry varying 
flux. Further losses occur in machine parts subjected to mechanical friction. 

The losses produced in the machine are converted into heat, energy, as a result of 
which the various parts ot the machine are heated, *.e., their temperature risis above that 
of the surroundings. It is important to note that the losses are mainly produced in the 
active parts of the machine s.e., in the iron parts which carry flux and the conductors which 
carry current! Thus the heat energy appears mainly in the active parts resulting in 
increase in temperature of iron and copper above that of the ambient mediu n. 

In order to ensure reliable and satisfactory operation of electrical machines, the heating 
of every part must be controlled within certain definite limits.. The losses in an electrical 
machine are of importance not because they constitute a source of inefficiency, but, because 
most of them result in temperature of windings rising appreciably. This rise in temperature 
effects the insulating materials put to isolate the windings from the iron parts. It is essential 
to ensure the reliability of winding insulation as the insulating materials being to deteriorate 
at relatively small temperatures. There is always a safe maximum temperature to which a 
particular insulating material can be subjected to without losing its effectiveness and as the 
temperature rise in a machine depends upon the losses which in turn depend upon the output 
of the machine, it is obvious, that the maximum allowable load on machine would be 
determined, first of all by maximum permissible temperature of the insulating materials 
used in it. 

As stated above, each insulating material has a certain permitted limiting tempera¬ 
ture at which it may operate reliably for a sufficiently long period compatible with operation 
of the machine. We can consider the following example for illustrating the impor tanceof 
temperature rise. 

The life of class A insulating materials can be expressed by an empirical relation, 

Tn*-72X10« exp [-0 09 9] 

where, TwaHife of insulating material in yean, 

and >«■ maximum temperature to which the material 

can be continuously subjected, °C. 

Thus if it is operated at 0-*9O°C, it can safely operate for about 22 years but its life span 
would be cut down to approximately half (11'6 years) if the maximum temperature is 
raised to 97°G. The lUe is cut down to about 36 days when operated at 15Q*C and to 
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about 10 hours if operated at 200*C. Fig. 23 shows the relationship between temperature 
and life of class A insulating material. Hence it is dear that even if we operate the 
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Fig. 2*3. Temperature rise-life curve for class A insulation. 


machine a little above the maximum allowable temperature, it seriously affects the 
life of insulating materials. As the machine operation depends upon the condition of 
insulation, it is evidrnt that the insulating materials must be worked within safe tem* 
perature limits. 

In addition to affecting the insulation, an excessive temperature rise may also 
adversely influence the mechanical operating conditions of a given machine part. Thus, for 
example» the commutator may lose its original dimensions or the soldered joints between 
the commutator and the windings may open out or the bearings may break down. How* 
ever, these problems are relatively minor and can be solved by designing the machine pro¬ 
perly and operating it under correct running conditions. 

It does not follow from above that the solution to the insulation problems or the 
other mechanical and electrical problems created by the temperature rise, lies in operating 
the machine with low temperature rise. Such a machine could easily built if low values 
for electricland magnetic loanings are used, but this would result in a very heavy and costly 
machine. Therefore, the correct solution is to build a machine which extensively utilises 
its materials of construction and has the required efficiency and a sufficiently long span of 
life. 

The heat produced in a machine depends upon the losses but the presence of ambient 
air, a cooling or a ventilating system tends to take away the heat produced. The tempera¬ 
ture rise actually obtaining depends upon the relation between cooling conditions and 
amount of heat produced. The final temperature rise is reached when the rates of heat 
production and dissipation become equal. Thus, other things being equal, the temperature 
rise would be higher if the cooling conditions are worse and vice versa. Consequently the 
temperatureJrise in a machine is inseparable from the problem of cooling and ventilation. 

The temperature rise in a machine can be kept within safe limits by properly 
designing its ventilation system. A higher output can be taken from a given machine frame 
by having a good ventilation system and proper insulating materials. 

In recent years these problems have acquired a great importance in connection with 
intensification of machine utilisation and a great deal of attention has been paid to obtaining 
increased output for a given weight of materials by improvements in ventilation the 
beat resisting properties of insulating materials. 
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2‘11, CUailficalim »f Insula ting Materials. Classification of insulating materials 
for electrical machinery and apparatus in relation to their thermal stability are given in 
Indian Standard Publication No. 1271—1958. 


This publication covers an extremely wide range of insulating materials and will 
benefit the reader tojwork to them when available. 


The classification covers seven classes of insulating materials generally used in 
electrical machinery and apparatus in relation to their thermal stability in service. 

Claeeification. The recognised classes of insulating materials and the temperature 
assigned to them are as follows : 

Class Temperature 


Y (formely 0) 

A 

E 

B 

F 

H 

C 


90°C 
105°C 
120°C 
130*C 
155°C 
I80°C 
above 180°C 


Class of materials having a temperature limit lower than that for class Y, is not 
included in this classification. Since the materials falling in class are rot widely used as 
insulation for windings for machines, transformers or switchgear. Insulation may be grouped 
into the following recognised classes: 


Claaa Y. This insulation consists of materials, or combinations of materials, such as 
cotton, silk and paper without impregnation. Other materials or combinations of materials 
can be included in this class, if by experience or accepted tests they can be shown to be cap¬ 
able of operating at class Y temperatures. 


Claaa A. This insulation consists of materials or combinations of materials such as 
cotton, silk and paper when suitably impregnated or coated when immersed in a dielectric 
liquid such as oil. Other materials or combinations of materials may be included in 
tms class, if by experience or accepted tests they’can be shown to be capable of operation 
at class A temperatures. 


CUn E. This insulation consists of materials or combinations of materials which by 
experience or accepted tests can be shown to be capable of operating at class E temperature 
(materials possessing a degree of thermal stability allowing them to be operated at a tem¬ 
perature 15*C higher than class A materials). 

CSauM B. This insulation consists of materials or combinations of materials such as 
mica, glass fibre, asbestos, etc., with suitable bonding substances. Other materials or 
combinations of materials, not necessarily inorganic, may be included in this class, if by 
experience or accepted tests they can be shown to be capable of operation at class B tempera¬ 
tures. 


(Sail F. This insulation consists of materials or combinations of materials, such as 
mica, glass, fibre, asbestos, etc., with suitable bonding ' substances as well as other 
mate rial* or combinations of materials, not necessarily inorganic, which by experience or 
accepted tests can be shown to be capable of operation at class F temperatures (materials 
possessing a degree of thermal stability allowing them to be operated at a temperature 
Hi gh er than class B materials). 

Qsii H. This insulation eonsists of materials, such as silicon elastomer and combina¬ 
tions of materials such a* * mica, glass fibre, asbestos, etc., with suitable bonding subs- 
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tances, such as appropriate silicon resins. Other materials or combinations of materials may 
be included in this class, if by experience or accepted tests they can be shown to be capable 
of operation at class H temperature. 

Class C. This insulation consists of materials or combinations of materials such 
mica, porcelain, glass and quarts with or without an inorganic binder. Other materials 
or combinations of materials may be included in this class* if by experience or accepted 
tests they can be shown to be capable of operation at temperatures above the class H limit. 
Specific materials, or combinations of materials in this class will have a temperature limit 
which is dependent upon their physical, chemical and electrical propertii s. 


The examples of various classes of insulating materials are: 

Glass Y. Cotton, silk, paper, cellulose, wood etc., neither impregnated nor immersed 

in oil. 

Materials of class Y are unsuitable for electrical machinens and apparatus as they 
deteriorate rapidly and are extremely hygroscopic. 


Class A. Materials of class Y impregnated with natual resins cellulose esters, insu¬ 
lating oils, etc. Also included in this class are laminated wood, varnished paper. 


Class E. Synthetic resin cnamles, cotton and paper laminates with formaldehyde 
bonding, etc. 

Class B. Mica, glass fibre, asbestos with suitable bonding substances ; built up mica, 
glass fibre, and asbestos laminates. 

Class F. Materials of class B with bonding materials of higher thermal stability. 

Class H. Glass fibre and asbestos materials, and built up mica, with silicon resins. 

Class C. Mica, ceramics, glass, quarts without binders or with silicon resins of 
higher thermal stability. 

Class C materials are not directly involved in machine design. 

213. Insulating Electrical Materials Used in Modem Electric Machines 


Mica. Mica is used in its virgin form or sheet state is difficult to work. Therefore, 
it is used in the form of sheets of splittings with shellac, bitumln or synthetic or polyester 
bending. 

Micafoliam. It is a wrapping consisting of mica splittings which are tojoper and 
air dried. It may be moulded directly to on conductors then rolled and compressed between 

heated plates to solidify the material and to expel air. 


Fibrous glass. It is made from material which is free alkali metal oxi«e^ which 
may forma surface coating that may attack the glass silicates. Glass does set 
moisture volumctricaJly, but may attract it by capillary action between ^ e .fr n f. 
ments. Tapes and clothes woven from continuous filament yarns of glass have a nigh feral- 
vity, thermal conductivity and tensile strength and form a good class 1 insulation. i ne 
space factor of this insulating material is good but the material is prone to 
damage. This glass-silk coverings are used tor wires of field coils or mush wirings or 
induction motors. 


Aebeetoe. This material is mechanically weak, even when woven with c otton f ires, 
and is a poorer insulating materials as compared with fibre glass. Laminates of asbestm wit 
synthetic resins have good mechanical strength and thermal resistivity. Asbestos in the foim 
of wire and strip coverings have resilience and abrasion resistance. However, the space 
factor is low. 

Cotton fibre. Fibre cotton woven from acetylatas cotton, recently developed, nave 
remarkable resistance to heat, “tendering’*. They are much Jess hygroscopic then Woatf 
cotton materials. 
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Polyamides. Polymides in the form of nylon tapes have high mechanical’ strength am 
have a good space factor on account of their thinness. Nylon film is one of the few plastii 
films having adequate resistance to temperature and can withstand tearing. 

Synthetic-realn enamels. These enamels of the vinyl-acetate or nylon types haw 
an excellect smooth finish and have been used for much windings, with considerable impro 
vement in winding times and length of mean turn. They also give good binding tc 
windings. 

Slot-lining materials. These materials in the past have been mica composites. 
However, the mica content is easily damaged in the forming. In small motors a two-ply 
varnished cotton cloth bended to pressboard is found satisfactory. On the other hand, 
three-ply material may serve for heavier windings. 

Wood. Wood, the form of synthetic-resin-impregnates compresses laminations, has 
proven itself to be a robust and accurate materials for packing blocks, coil supports and 
spacers. 

Sillcoaee. Silicones are semi-inorganic materials with a basic structures of alternate 
silicon end oxygen atoms. They are extremely resistant to heats. They act binders in Class 
H insulation and permit their continuous operation at 180*C. Even when disintegrate by 
excessive temperatures, the resisue is the insulator silica. Silicones are water-repellent and 
anti-corrosive. They are used in dry (oil-less) transformers, traction motors, mill motors and 
miniature aircraft machines operating over a winding temperature range of 200 to —40*C. 
They have a high thermal conductivity, improved heat transfer co-efficient, which facilitate 
heat dissipation from conductors. 

Epoxide thermosetting resins. These materials have assumed importance in 
easting potting, laminating-adhesive and varnishing applications, and in the encapsulation 
of small transformers. 

Synthetic Resin. Bonded paper, cotton and glass-fibre with synthetic resin laminates 
have good electrical and mechanical properties as sheets large cylinders and tubes. 

Petroleum-based mineral oils. They are extensively used in the cooling and 
insulation of immersed transformers. The characteristics of importance are chemical stability, 
expansion coefficient, resistance to sludging by oxidation, and viscosity. Their electric 
strength is good when they are clean and moisture proof. 

Askarels. They are synthetic non-fiammable insulating liquids which, when decom¬ 
posed by an electric arc, evolve only non-explosive gases. The commonest ask are! is a 
60/40 mixture of hexachlorodiphenyl trichlorovenzine giving a low pour point and a 
satisfactory viscosity/temperature characteristics. 

2*14. Applications of Insulating Material*. We will consider some important 
materials in general use in electrical machines and apparatus, such as those employed for the 
insulation of; 

(*) wires for magnet coils and windings of machines. 

(*•) laminations. 

(iw) machines and transformers. 

2*14*1. fnonlaring Materials far Wires. Small round wires are used in enormous 
uantities for the coil qwindings of instruments, electromagnetic apparatus and electrical 
machines. The principal requirements of the insulating materials to be used in these cases are 
flexibility, thinness, rapidity of application, ability to Withstand stresses and abrasive actions 
during the process of winding. The . materials in general use are enamel, cotton, rayon, 
silk and fibrous dais. 

W ss aeael Covering. This cosnitts of a thin film of either oil base or synthetic base 
varnish applied by drawing the wire through a trough of varnish and then through a heated 
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chamber so as to bake the varnish covering into a tough and elastic film of high dielectric 
strength. The process is rapid and cheap and therefore, enamelled wire is used almost 
universally for the small motors and ind< strial apparatus. 

The commonly used enamels and their applications are given below : 

Refrigerator motors—Polyvinylformal, Polyesterimide 

General motors—Polyesterimide (theic) 

Oil cooled transformers—Polyamideimide 

Cokes—Polyesterimide (theic) 

Due to thinness of varnish coating (0 015 to 0‘075 nr.m) a high space factor is obtained 
for coil windings, which results in a saving in wire and reduced overall dimensions for the 
coil compared with other forms of covering. 

Cotton Covering. It consists of a number of cotton threads wound helically on the 
wire in a lapping machine. Cotton covered wire is manufactured either with a single layer 
(single cotton covering S.C.C.) or two layers (double cotton covering D.C.C.). The 
thickness of cotton covering varies from 0'05 to 0‘2 mm. D.C.C. wires are largely used 
for coils of field magnets, armatures and a.c. motors, as the cotton covering can withstand 
rougher handling than enamel covering and it provides a cushioning effect or the bedding 
of turns of the several foyers. The coils are impregnated with varnish to improve dielectric 
strength and the heat dissipating qualities. 

Silk Covering. It is used as covering for wires as it gives a high space factor. At 
present, owing to its high price, it is not normally used. 

Fibrous Glass Covering. It consists usually of a double lapping of threads of 
continuous glass fibres.. The thickness of double lapping for round wires is about 0*15 to 
0*2 mm. Varnishing is essential to enable the covered wire to be handled and manipulated 
during winding. Impregnation with varnish increases the tesistance of wire to abrasion and 
prevents absorption of moisture. 

Fibrous glass coverings are employed for windings which are required to operate in 
the class B temperature range. 

Asbestos Coverings. This covering was formally used for round wires when class*B 
insulation was required. But such coverings have been superseded by coverings of fibrous 
glass. The advantages of fibrous glass are its lower moisture, absorption and considerably 
high space factor. 

2142. Insulating Materials for Laminations, The core stacks in modern machines 
are subjected to high pressures during assembly and therefere to avoid metal to metal 
contact, laminations must be well insulated. The main requirements of a good lamination 
insulation are homogeneity in thin layers, toughness and high resistivity. The following are 
the common insulating material} for laminations : 

1. lisollae. This is a kaolin (China) mixture which sprayed on to one or both sides 
of the lamination. The total thickness of coating per lamination is 0*01 to 0*025 mm. 

2. Oxide. A natural oxide coating is formed on the sheets during the hot rolling 
process. But this insulation cannot be depended upon as it may be inadequate. Extra oxide 
coating, with a resistance about ten times as'high as the resistance of natural oxide coating, 
is appued. This process is termed as “steam blueing”. 

3. Varnish. This is the most effective type of insulation now available. It wwiff m 
the laminations rust proof and is not effected by the temperatures produced in electrical 
machines. Varnish is usually applied to both sides of lamination to a thickness of about 
0*006 mm on plates of 0*35 mm thickness. Varnish gives a stacking factor about T95. 
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2*14’3. Insulating Materials for Machines. D.C. and A.G. motors and generators 
for industrial purposes are usually insulated with class A or E materials, but turbo-alternators, 
traction motors and aircraft machines are insulated with class B materials to enable higher 
operating temperatures to be used for the purpose of obtaining larger output from a given 
frame size. Class E insulation it commonly used for induction motors. 

Materials used for round wires are also employed for the insulation of rectangular 
wires and may be applied by either lnpping or braiding. 

Rectangular (bar) conductors, such as used for armatures of large machines are 
insulated by taping with the following materials. 

1. Class A Materials. They include tapes and flexible sheet materials, the former 
being employed for the taping of rectangular conauctors, armature and field coils of d.c. 
machines and stator and rotor of a.c. machines. 

Cotton and Oiled Cambric Tapes. These tapes are usually 0*125 to 0*25 mm thick. 
Cotton tapes are impregnated to prevent absorption of moisture. Oiled Cambric tape (Empire 
cloth) is cut from a roll of fine cotton fabric which have been treated with linseed oil and 
oxidised. Its dielectric strength is 40 kV/mm. 

Tough Fibrous Materials. These are used for slot linings of low voltage machines 
in thicknesses from 0*25 to 0*5 mm. Typical examples are latheroid, horn fibre, pressboard 
etc. manufactured from cellulose and rag and treated with oil. 

Nylon and Terylene. These materials have high tensile strength and good dielectric 
properties (about 80 kV/mm for varnished paper). 

2. Class B Materials. They are generally used as tapes. Typical materials are fibrous 
glass, asbestos and mica. 

Fibrous Glass Tape. It is used in thickness from 0*075 to 0*275 mm. It is woven 
from continuous filament yarn and is impregnated with varnish before use. The dielectric 
strength is 40 kV to 48 kV per mm. The type of varnish determines the safe operating 
temperature as glass fibre alone can stand a temperature of 250°C. 

Asbestos Topes. Owing to superiority of fibrous glass tape, asbestos in the form of 
paper finds only limited application. They are useful where cushioning effect is required as 
in the inertum insulation of bare wound on edge windings such as are employed in salient 
pole alternators and the interpoles of large d.c. machines. 

Mien. Mica is used in the following forms : 

(*) built up sheets, rings and cones, and (ft) tapes. 

Mica is used iu the form of splittings or flakes (0 0125 to 0*025 mm in thickness) which 
in the manufacture of sheet (called micanite), are mechanically shifted to the required 
thickness on to a thin supporting paper, cemented or bonded with shellac or a synthetic 
resin, and hot pressed to remove the solvent and consolidate the whole into a hard solid plate. 

Mica tape consists of thin mica splittings or flakes bonded to a backing of thin 
high-grade paper, cotton cloth or fibrous glass to give mechanical strength. In some 
cases a thin paper is applied to the mica splittings after they have been laid on the backing 
paper. 

When paper or cotton is employed as the backing material the thickness should be 
educed to the minimum required for the mechanical strength, as at the upper limit of the 
Class B temperature these materials will ultimately be changed. 

M ir* tape is largely employed for taping armature and field coils of traction motors 
(in cases when fibrous glass tape is not employed) and for taping the ftatpr polls of 
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high-voltage alternators. The dielectric strength is of the order of 40 to 48 kV/mm, and 
that of splittings alone of 80 to 160 kV/mra according to the quality. 

Varnishes and impregnating compounds are important insulating materials for 
electrical machines. They are employed for the dual purpose of moisture-proofing and 
increasing the dielectric strength of fibrous insulating materials. High voltage multi-turn 
coils are pressure impregnated in vacuum to eliminate voids, the presence of which would 
increase the electric stress on the insulation and reduce the thermal conductivity of the coils. 

formerly, varnishes were made from natural gums or resins (with suitable solv< nts) 
and oxidizing oils (».e. linseed oil). Although such varnishes are still employed for repair work, 
synthetic varnishes of the phenol-formaldehyde type are preferred by large manufacturers, as 
the polymerization, which takes place during baking, produces uniform hardening throughout, 
instead of only on the surface when the hardening occurs by evaporation or oxidization. 

The new silicon varnishes are more heat resistant and waterproof than oth< r varnishes, 
and enable machines with fibrous glass and other inorganic insulation to operate at tempera¬ 
tures of 200—250°C. 

Laminates of paper, cotton cloth, asbestos, etc., formed by bonding layers of these 
materials with synthetic resin are employed for the terminal boards of d.c. and low voltage 
a.c. machines, and other parts requiring a rigid insulator with a flat surface. 

Porcelain or moulded insulators are employed for insulating the terminals of high 
voltage machines. 

214 4 Insulating Materials for Transformers. Fibrous (Class A) materials arc 
usually employed for both air-cooled and oil-cooled transformers* but the high-grade 
asbestos paper tape previously mentioned is used in some air-cooled transformers when they 
are required to operate in the Class B temperature range for the purpose of reducing their 
weight (t.e, in portable welders and in aircraft). 

Cotton or oiled cambric is used for taping the coils of air-cooled transformers (Class A 
temperature limits); the coils being impregnated after taping. 

Synthetic-resin-bonded paper, treated pressboard or similar material is used for the 
insulation between core and coils and also between the primary and secondary windings. 

High grade manilla paper tape is usually employed for insulating the conductors 
(except in cases where these are already insulated) of oil cooled transformers, and cotton tape 
for the external taping of the coils and bindings. 

High quality synthctic-resin bonded paper, or alternatively a high grade presspaper 
(Elephantide), in the form of cylinders and flanges, is employed for the insulation between 
core and coils,^nd also between the primary and secondary 'bindings. 

Pressboard or presspaper is employed as spacers (to provide ducts for the oil), packing 
between coils, barriers between coils and tank, etc. 
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MODES OF HEAT DISSIPATION 

31. Heat Dissipation. The process of energy transfer in the case of transformers 
and electro-mechanical energy conversion in the case of rotating electrical machines involves 
currents in the conductors, and fluxes in the ferromagnetic parts. Thus there are PR losses 
in windings end core losses in the ferromagnetic cores. In addition losses occur in tank 
walls, end plates and covers on account of leakage flux. The losses appear as heat and 
therefore the temperature of every affected part of the machine rises above the ambient 
medium which is normally the surrounding air. The heated parts of an electrical machine 
dissipate heat into their surroundings by conduction, and convection assisted by radiation 
from the outer surfaces. 

311. Conduction, This mode of dissipation of heat is important in the case 
of solid parts of machine like copper, iron and insulation. Consider two points :n an 
electric circuit having potentials Vi and V 2 , the current flowing between them is, 

(FW,) 

R 

where R is the electrical resistance of the conducting medium between them. Similarly 
we can write the equation for heat flow by conduction between two surfaces separated by 
a heat conducting medium, as : 

-( 3, i) 

where Qwi» 1=1 heat dissipated by conduction, W ; 

6 t . 0 2 =temperatures of two bounding surfaces, “C ; 

J? 0 =thermal resistance of the conducting medium, thermal ohm (or in P C/W.) 

Thermal Resistance. The thermal ohm is defined as the thermal resistance which 
causes a drop of 1°C per watt of heat flow. Eqn. 31 permits heat conduction problems to be 
solved by methods of calculation similar to those used in electric circuits. The thermal 
resistance, like electrical resistance, can be written as : 

-<J'2> 

"S (3 ' 3> 

p>» thermal resistivity of material, Q (thermal) m or °C—m/W ; 

<js»l/p»n thermal conductivity, W/°C—m ; 
fa-length of medium, m ; 

5■« area of surface separated by the medium, m* 


9 $ 

Iqn. 3' 1 can be written as : 
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Q Cm*** 


sw i-e t ) 

pt 


w 


...(3*4) 


Heat dissipated per unit surface area by conduction is : 

W/m* ,...(3’5) 

The temperature difference across the conducting medium 

6 = 01 - 6 , 


It§ 

=Qt "{f) 


...(36) 

...(37) 


Considering Eqn. 3'7, we find that a material having a large value of thermal resistivity 
will dissipate less amount of heat or alternatively for the dissipation of same heat the 
temperature rise will be larger. 

Table 3'1 gives the values of thermal resistivities of different materials. 

Table 31. Thermal Resistivities 



Thermal 


Thermal 

Material 

Resistivity 

Material 

Resistivity 


(ohm metre) 

1 

(ohm metre) 

Air (Still) 

20 

Asbestos 

4 

Cotton Cloth 

14 

Empire doth 


Micanite 

8 

Mica 

3 

Compressed paper 

8 

Sheet steel 


Paper 

7-5 

f along lamina* 

002 


J tions 


Transformer coil 

625 

? across lamina* 

0 05 to 01 

Pressboard 

t 

6 

1 tions 

Brass 

001 

Varnished cloth 

5 

Aluminium 

0 005 

Mica tape 

1*6 to 6 6 

i 

Copper 

00026 


From Table 3*1, we have p=20 for air and 7*5 for paper. Air has a greater 
thermal resistivity than paper and thus the presence of air pockets in the insulation of a 
machine would have disastrous effects on heat dissipation, resulting in large temperature rises. 

Let us consider the case of a heated surface where the coolant (cooling medium) is a 
fluid and takes away the heat by conduction. Perfect contact between the heated surface and 
the coolant at the outer face is rare. Therefore, the temperature difference 6 is mainly 
dependent upon the fluid flow conditions s'.e. whether the flow is stream line or turbulent and 
upon the condition of the surface. There may be interfering oxide films, gas bubbles in 
liquids, and a stagnant surface layer of fluid and therefore, the thermal conductivity of 
coolant is much smaller than that of metals. 


The heat conducted across the interface is: 

Of) W/m* ..-(3*8) 

where 6# and 0/ are the temperatures of surface and fluid respectively and p« has a value 
*f iQ—1500 for oil and 10-50 for 
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Example 31. A copper bar 12 mm in diameter is insulated with micanite tube which 
fils tightly around the bar and into the rotor slot of an induction motor. The micanite tube is 
15 mm thick and its thermal resistivity is 8 Qm. Calculate the loss that will pass from 
copper bar to iron if a temperature difference of 25 r C is maintained between them. The length 
of bar is 0‘2 m. 


Solution. Consider Fig. 3' 1. 

Area of insulation in the path of heat flow 

£=periphery of micanite at mean radius X 
length 

«u(12+15)xlO-*XO-2 
=8 48xl0"*m*. 

From Eqn. 3'2, thermal resistance of micanite 

tube, 

gt__ 8 X 1'5 X 10~* 

8 8‘48.X 10“* 

= 1-415 Q 

From Eqn. 3'1 heat dissipated, 



0.-0* 25 

^“■~RT' == T4l5”“ 


17-67 W. 


Example 3 2. The thermal conductivity of assembled armature laminations is 20 time, 
as great along the direction of laminations as in the direction across the laminations. Calculate 
the loss that will be conducted across the laminations in a stack 40 mm thick and 6000 mm- 
in cross section with a difference of 20°C. Given that a difference of 5°C will cause 25 W to be 
conducted through a cross section of 2500 mm* in area and 20 mm thick measured along the 
laminations. 


Solution. Given : 

Qcom-25 W, t=20 mm=20x 10"* m 
5=2500 mm*=25 X 10“ 4 m*, and 0=0j—0,=5°C. 

This data refers to a direction along the laminations. 


From Eqn. 3‘4, 

£( 01 - 0 ,) 

P* 


Q 


'cm* 


or 25« 


25 X 10~ 4 X 5 


pX2x 10"* 

• Thermal resistivity along the direction of laminations 

pas0'025 Q m. 

Hence thermal resistivity across the iaminations=20 X 0'025 =0 5 O is. 

/ . resistivity across the laminations \ 

^ It is given that ratio ^i^vity along the laminations / 

4pplying Eqn. 3*4, heat conducted across the laminations 


6000 X10"* X 20 w 
0-5X40X10-* 

31-2 The heat dissipated by radiation from a surface depends 

its temperature and its other characteristics like colour, roughness etc. 
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For the case of a very small spherical radiating surface inside a large and or black 
spherical shell, the heat radiated per unit surface is given by Stefan Boltzmann law : 

?«d==5-7xl(T 8 e(?V-?V) W/m* ...(3*9) 

where T\, 7'„=absolute temperatures of the emmitdng surface and the ambient 
medium respectively, K ; 

®i» Go— lemperaiutes of the emitting surface and the ambient medium 
respectively, °C ; 

e—co-efficient of emissivity ; 

«1 for perfect black bodies and is always less than unity for others. 

T able 3‘2 gives the co-efficient of emissivity and absorption factor for different types 
of surfaces. 


Table 32. Emissivity and Absorption Factors 


Surface 

Emissivity 

e 

Absorption factor 
e a 

Aluminium 

0-10 

015 

Copper 

O'15 

— 

Steel 



Rough 

0'24 

— 

‘Sheet 

0‘55 

— 

Metal Paint 

Aluminium 

055 

0-55 

Lead Paints 



White 

0‘90 

0‘25 

Grey 

0‘95 

075 


Eqn. 3 9 can be written as : 

? ,ad=57x 10-* eiTi-ToKTS+TSTo+iW+Tf] ...(310) 

Now (T 1 ~T 0 )=[(273+^)-(273-rflo)]=« 1 -«o“« 
represents the temperature rise of the body, above the ambient medium. 

The term (T 1 *4-7 , i*2P# -}-T 1 To i +T 0 3 ) varies relatively little within conventional temperature 
limits for electrical machines and so Eqn. 3'9 can be written as : 

?r«d=5-7xl0- 8 eJWi-n) 

=*57X10-" eKr(9i-$ 0 ) W/m» 
where tf f «[2V+Ti*To+ZW-f7V]. 

The value of V for cast iron or steel surface, varnished insulation etc. is between 0‘90 
to 0‘97. Assuming a value of 0’83 for safety, we have : 

g r .s«=5'7x 10“" X0‘83 X r (0i—*») 

=4‘8X 10-" ruPt-h) 

W/m* 


...( 311 ) 
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where A r «d=4 0 X 10“ 8 Kr 

-= modified specified heat dissipation or emissivity measured in W/m* 
at a temperature rise of 1°C. Its valuedepends upon the temperature 
6i and 0 o and hence is not constant. 

Table 3‘3 gives the value of Arad with respect to temperature rises and temperatures 
of ambient medium. 


Table 3'3. Specific Heat Dissipation (Radiation) in W/m 2 —°C 


Temperature rhe 

Temperature of ambient medium 0„"C 

O'C 

20 

30 

5 

503 

5-55 

20 

5-42 

5-98 

40 

605 

659 

80 

730* 

7'98 


The total heat dissipated by radiation is : 

Qrad — <jrad X#S= Tirad & Watt ...(3 J2) 

In electrical machines and transformers radiation does not normally occur by itself 
and in almost every case it is accompanied by convection. Therefore, the following expression 
may be conveniently used, 

</r«d=2'9 eO 1 ' 17 W/m 2 ...(3T3) 

Examining Table 3’2, we find that the value of co-cfhcient of emissivity for dull 
metallic point is 0'9 while for polished metal it is 0T5. This means that the specific heat 
dissipation (W/m 2 —°C) due to radiation for surfaces painted with dull metallic paints is 
large. Hence all the electrical machines are painted with dull metallic paints (usually grey 
in colour) in order to have a large heat dissipation due to radiation. This keeps the tempera¬ 
ture rise of the machines to a low value. 

Some electrical apparatus, particularly transformers are used for outdoor duty. They 
may absorb radiant heat from the sun by Insolation. The earth’s outer atmosphere 
receives about T3 kW/m* and under favourable climatic and air conditions, about two third 
of this energy may reach the earth’s surface. In case the absorption factor of a surface is high, 
(approaching unity) it may absorb large energy by insolaron thereby its tempe rature rises 
by a few degrees. However, if the absorption factor is small, the sun’s radiation is 
re-emitted. 

Example 3-3. A heat radiating body can be assumed to be spherical surface with 
co-efficient of emissivity—0 8. The temperature of the body is 60"C and that of the walls of the 
room, in which it is placed, is 20°C. Find the heat radiated from the body in watt per 
square metre. 

Solution. 

We have e=0'8, ^=273+60=333 K 

JPo—273+20*293 K. 

Using Eqn. 3 9, 

Heat radiated jras*5 7x 10 8 X0 0 (333 4 293*) 

=224*6 W/m*. 
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Example 3*4. A 260 V, 1 kW, single element resistor is made from 0 2 mm thick 
nickel chrome strip. The temperature rise of strip is not to exceed 300°C over the ambient 
temperature of 30° C. Calculate the length and width of the strip. Assume* emissivity** O'9 
radiating efficiency **0 75, resistivity of nickel chrome 1 X 10~* Qm. 

Solution. Temperature of strip 0 1 *3OO+3O*33O°C. 

Temperature of ambient medium 0*«3O*C. 

Absolute temperature of strip Tj *=330+273 =603 K. 

Absolute temperature of ambient medium 

T e -30+273 *303 K. 

Co-efficient of emissivity *0*9. 

Effective co-efficient of emissivity, e=0‘75 x0'9=0’675. 

From Eqn. 3*9, heat dissipated by radiation 

$r.s*5*7x 10-> e (TV-TV) =5*7 X 10" 8 X 0675 (603 4 —303 4 ) 
*4760 W/m*. 

Resistance of strip Q 

Let, i*Iength of strip, m; u>*width of strip, m ; 

and t * thickness of strip, m. 

Area of cross section of strip=tc XI=wX0‘2 X 10~*=0'2«>X 10“* m*. 

Resistance of strip R~ 


1X10-* l 


5 1 


0*2 X10"* w w 
(5 J/w)XlO“>»62*5 or l/te= 12500. 


X10~* Q 


Heating dissipating surface of strip, neglecting edges, 8—2 Iw. 
Total heat radiated«gra4XfS*4760x 2210*9520 ho 
.% 9520 iu>* 1000 or iu>=0'105 

But i/tc*12500 P*0*105x 12500*13125 

or 1*36*2 m 


and 


to* 


0105 

362 


m*2’9 nun 


3*1*3. Convection. Heat dissipation by convection is classified into two 
natural and artificial. 


categories: 


1. Natural Convection. Liquid and gas particles near heated body become lighter 
and rise, giving place to coojer particles which in turn get heated and rise. This natural 
proce s s, due to changes in fluid density is known as natural convection. 

The heat dissipated per unit surface by natural convection is given by 

qtmw^Kc (0i—0 O )* W/m* —(3*14) 

Where J£«*a constant depending on the shape and dimensions of hot body 

a* a constant depending upon shape and dimensions of hot body. Its value lies 
between 1 and 1*25. 

0 ^temperature of emitting surface, *C ; 

(^temperature of eminent medium, *C. 
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Taking «=1, 

heat dissipated per unit area by convection, 

qc<m,*=K<> 6 ...(315) 

where Aeon,—specific heat dissipation or emissivity due to convection measured 

in W/ni*—°C. 

Total heat dissipated by convection, 

Q(onv~qemt9 S— Ac«n* AS watt ...(3'16) 

Convection is a complicated phenomenon and heat convected depends upon many 
variables such as (t) power density (it) temperature difference between heated surface and 
coolant (m) height, orientation, configuration and condition of heated surface (hi) thermal 
resistivity, density, specific heat, viscosity and co-efficient of volumetric expansion of fluid 
and (v) gravitational constant. ~ 5 

In or er to find the heat convected the following formulae have been developed 
for the temperature range and structure of machines and transformers. For vertical 
planes of height not less than 1 metre and with a temperature difference 0 between the sur¬ 
face and the ambient air of pressure p atmosphere, 

p 1 /* fl»/« W/m* 

For vertical tubes of diameter d metre, 

qco^VSd-'W* W/m 8 

2. Artificial Convection. In modern machines heat is removed by artificial circu¬ 
lation of cooling medium. For example, a transformer tank may be cooled by blasting 
air on it or a turbo alternator may be cooled by circulating hydrogen. This i« known as 
cooling by artificial convection. The usual method employed for cooling oi machines is 
by blasting air on heated surfaces ; these surfaces may be open or dosed. The increase 
in heat dissipation by air blasts is due to increase in convection. The problem of 
calculation of heat dissipation by artificial convection is very complex as it mainly depends 
on the constructional features of the machine. These constructional details are different 
for every machine and so no exact relationship can bs given for artificial convection. 
However, one of the most widely used formulae for air blasts on open surfaces is : 

\'c«n,=^on, (1 +ff.VT)W/m*-°G ...( 3 . 19) 

where A'ej*B=specific heat dissipation of a blasted surface. 

A e0n »asspecific heat dissipation by natural convection. 

V*= relative velocity of cooled surface and air blast, m/s 
K»— a constant, depending upon whether the blast is uniform or non-uniform, 
=r3 for uniform blasts. 

The value of K» comes down to even 0’5 for non-uniform blasts. 

3*2. Newton’s Law of Cooling. Losses are produced in various parts of ele¬ 
ctrical machines due to which the machine temperature rises. The machine attains a steady 
temperature rise after some time. At this temperature the heat produced in the j, 

equal to the heat leaving its surface by radiation and convection. 

It has been found earlier that the heat dissipated by radiation is given by relation : 

83 watt 

if temperature rise remains within normal conventional limits for electrical 
We have also seen that if the temperature rise varies between moderate limits, the. heat 
dissipated by convection is given by: , 

1 8 watt 


...(317) 

...(318) 
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Total heat radiated by radiation plus convection is : 

Q—Qrad-\~Qconv z=: 'krud SS'{ :.i-onv 6$ 

■=(Arad“i~Acoi(*) QS^XQS vc it ...( 3 ' 20 ) 

where A=Ara4-f A«n» ...(3‘21) 

—specific heat dissipation cmissivily due to radiation plus 
convection 

Equation 3‘20 represents the Newton’s Law of Cooling. It should be noted that 
Newton’s Law of Cooling is strictly correct for cases where the body is acted upon by a 
uniform current of air. It is therefore applicable to natural cooling only for a restricted 
range of temperature, though the results become quite accurate if A is understood to be 
strictly constant only for a given temperature rise. 

Table 3'4 gives the total specific loss dissipation due to convection plus a radiation 
at 40°C. • 

Table 34. Emissivities of various Surfaces at 40°C 


(Specific loss dissipation due to convection plus radiation) 


Surface 

W/m 1 — U C 

Polished metal 

8-2 

Tarnished metal 

9-1 

Aluminium Pa.nt 

10-8 

Oil Paint 

130 

Shellac Varnish 

13-5 

' Cotton Tape 

12-4 

Vai lushed Tape 

150 


3 3. Ambient Temperature. The usage of the term ” ambient temperature” is 
imbiguous. As far as radiation is concerned, the ambient temperature is the temperature 
of sky and the ground to which hear is radiated by the hot bodies. For other forms of heat 
dissipation to the atmosphere, the ambient temperature is the temperature of the bulk of 
the air at a distance remote enough to bo affected by the thermal field of the heated 
body. This distance is usually a lew metre. The use of air temperature as ambient tem¬ 
perature is justified only where most of heat is dissipated by convection. 

TEMPERATURE GRADIENT 

3*4. Internal Temperatilres (Hot Spot Temperatures). The loss in electrical 
machines occurs inside the iron cores and windings. This loss, which is produced inside, is 
dissipated to the surface from where it is taken away by the cooling medium. This internal 
flow of heat, from the parts in which it is actually generated to the cooling surfaces from 
which it is transferred to the coolant, is important in determining the hot spot temperatures 
and the temperatures to which the insulating materials would be subjected. 

If the cross section of a coil or a core, in which the electrical losses occur, is very large 
or if the insulation around the coil or the core is very thick, there is always a danger of excep¬ 
tionally high internal temperatures developing, even when the temperature of the external sur¬ 
face is below the maximum specified limit. In order that there should not be any injury to the 
insulating materials we must determine the temperature of the hottest spot, a place where the 
local temperature is the highest. 
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Thus, the problem is to determine approximately the difference in temperature 
between the outside surface from which heat is carried away and the hottest spot inside the 
windings, from which the heat must travel through the conductors and insulation before it 
can be dissipated away. The problem is not so simple as it may seem to be, because of the 
complexity of nature of machine and also because the designer has to rely upon certain 
empirical formulae and experimental results. 

3*4*1. Calculation of Internal Temperature. Fig. 3 2 represents a very large 
plate of thickness T, consisting of a homogeneous material. Assuming the length and width 
of the plate to be very large as compared with its thickness, the heat flow need be considered 
only across its thickness (in the direction shown in Fig. 3‘2). The heat_Jbw is from centre 
outwards towards the two surfaces which are assumed to be at the same temperature. 


Suppose 

l ~length of plate, m, 
te=width of plate, m; 

p=thcrmal resistivity of material along the direction of heat flow, Q m; 

9 =heat produced per unit volume, W/m 2 ; 

8 —temperature rise, °C. 

Consider an elementary strip of thickness dx at a distance x from the centre and let 
dB be the temperature difference across the walls of tins strip. Heat to be dissipated across 
this strip. 


(j)*=heat per unit volume X volume— q X Iwx 
Temperature difference between the walls of this strip is : 

dO— heat conducted X thermal resistance of the strip 


—qlwxX 


p dx 
Iw 


qpx dx. 


The difference in temperature between the centre and any point at a distance x 
from the centre along the path of heat flow. 


ffpa* dx—-~. 

0 


...(3*22) 



Y 



B 

Fig. 3*3. Built up 
laminated core. 
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Thus the temperature difference curve is a parabola as shown in Fig. 3'2. 

From Eqn. 3'22, the difference in temperature between the centre of the plate and 
the outer surface (» e. x—tj2) is, 

-gP '- 2 ° r 
~ G 


0 *= 


..(323) 


Hence temperature of the hottest spot (centre of pl.ite in this case). 

0m=0»-f0*= ^+0. 


...(3*24) 


whore 


0*®’temperature of the surface. 


3 4 2. Temperature Gradients in Gores. The built up core of an electrical machine 
is shown i* 1 Fi«j 3‘3.’ ft consists of steel laminations insulated from each other by varnish. 
The core is subjected to auei aating magnetization and therefore there is iron loss due to 
which heat is produced. 

The hottest part of the core is at 0 and heat generated at the centre is to be conducted 
to surfaces A and B. The path of heat flow along X axis is across the laminations while the 
heat flow along Y axis is along the laminations. 

{ i ) Consider that all the flows along the direction OX. 

Tuerefore from Eqn. 2'22, temperature difference between 0 and A : 

Q OA =Ul£ ...(3'25) 

where p> is the thermal resistivity across the laminations. 

(it) Considering the total heat to flow along the laminations (along OY), 

Temperature difference between O and B : 

0oa=—...(3-26) 
where p» is the thermal resistivity along the laminations. 


The value of the thermal resistivity along the laminations is low as compared with 
that acroses the laminations.Therefore at first sight it would indicate that all the heat should 
be taken along the laminations in order to keep down the internal temperatures or indicates 
that axial ventilation wherein air is blown across the laminations would be most effective. 
However, in practice nearly all electrical machines have radial ventilating ducts and their 
use can be explained with the help of the following example. 

Example 3 5. The thermal resistivity of a slack of laminations measured along the 
.laminations is 0'02 Q m. The iron loss is 40 leW/m a . Calculate the value of temperature 
difference between the hot spot and the outside surface for the following cases : 

(i) Length of staik measured along the laminations—O'2 m. 

Length of stack measured across the laminations—O'1 m. 

(it) Length of stack measured along the laminations=l m. 

Length of stack measured across the laminations—0’ 1 m. 

The thermal resistivity across the laminations is 40 times that along the laminations. 

Comment upon the results. 

Solution. (») Refer to Fig. 3*3 we have, 

®a*0*05 m, y=0*l m. 
p*=thermal resistivity along (?F=0'02 Qm. 
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p*-=thcrmal resistivity along OX=40 XO'02=0‘K Qm. 
Considering the total heat to flow along the laminations. 
Temperature difference between 0 and B 


n gPvJ/2 40,000 X 0 02x012 J0 _, 

00*=—-- =-------4 C. 

Considering total heat to flow across the laminations. 

Temperature difference between f) and A, 

n qp,x 40.000 XO'dxO‘05 2 

Voa= —----4(> C 

(*»t) x=005 m, y=0'5 m. 

Considering the heat flow along the laminations 

toj= 4« ; ooo>^«xo 13 » =100 „ c 

Considering the heat flow across the Inniinttions 

40,000 x Oft X0-05 2 
voa= - r } - — 40 C. 


Comments. From the above example it is clear that only with shallow cores it is 
possible to consider dissipation of heat from edges of the laminations as in this case the 
temperature difference between the hot spot and outer surface is not excessive if the heat 
flow is taken along the laminations. But with long cores, internal temperatures would tend 
to be too excessive if heat flow is taken along the laminations. Thus, in machines with 
long cores it is necessary to take heat across the laminations and dissipated at the 
ventilating ducts even though the thermal resistivity across the laminations is higher. Hence 
machines with long cores require radial ventilation. 

Example 3 6. A transformer core, of plate width 0 6 m and with a slacking factor of 
0'94, has a uniformly distributed corc loss of 3W/kg. The thermal conductivity of the steel 
is 150 WrC—m and a surface temperature is 40 C. Estimate the temperature of the hot sprM 
if the heat flow is (i) all to one of the core, {ii) one half to the surface of each end. The 
heat flow is assumed to be along laminal. The density of steel plate is 7800 kgfm Sm 

Solution. Core loss per unit volume g~3 X 0'94 X 7800—22000 W/m* 

Thermal resistivity p~-r-;-;—--r— =. cn 

' thermal conducttvity 150 

QQX* 

Temperature of the hot spot 0o=—-— 

(i) If heat is taken all to one end aj=l=0‘5 m. 

8 m =2200j X~x ^7p"+40=*58‘3. 

(ti) If heat is taken to both the directions z=</2=0'25 m. 

0*=22000X - 1 ‘-x ( -^-V40=44'6°C. 

3-4-3. Heat Flow in Two Dimensions. The 

applications of principles applied in Art. 3‘4’1 and 3"4'2 
to practical problems is complicated by the fact that 
heat does not travel along parallel paths and the dissipating 
surfaces are not homogenous. In actual practice the heat 
flow is in different directions and the windings and cores 
have insulation in addition to copper and iron 
respectively. The thermal resisitivity of built up windings 
and cores depends upon relative thickness of insulation 
to copper or iron. 


fj 


«rf= UUj44 :44^ 


4t.« 


m 


£2t 


• X - 




fir 


HSx 

'c 
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Consider a coil or a core having a large axial length as compared with its width 
or thickness. Fig. 3'4 shows a section through the coil. The whole of the outside surface 
is supposed to bo maintained at a constant temperature. In other words, it is assumed 
that there is a constant difference of temperature between the hottest spot (O in this case) and 
any point on the outer surface. 

Let I=lcngth of coil m; 

w— width of coil m ; 
t— thickness of coil, m ; 

Pv--thermal resistivity along aa, Q m ; 
pas= thermal resistivity along bb, Q m ; 
y=heat produced per unit volume, W/m 3 . 

It can be assumed that the heat travels outward through walls of successive imaginary 
spaces of rectangular section. ABCD is the boundary of one such rectangular space, the 
wall of which have thickness dx in the direction bb and dx wjt in the direction aa. 

Thermal resistance of horizontal elementary strips 

Pv dx ir /t p v w dx 
= l(AB+VD)~ 4 1 xt 

Thermal resistance of vertical elementary strips 

p* dx p a tdx 


~1{A1)+BCV Alwx 
These two thermal paths are in parallel. 

Total thermal resistance of walls 

Pv w dx p» t dx 
4 1 xw 


djt e = 


4 Ixt _ 

pv w dx p* t dx 
+ 


4 Ixt ' 4lxw 
p» Pv tw dx 
~4lx{pfW t +p»t*) 

Let q * be the heat produced in ABCD 


qw- 


-ql ^ 2x.2x -^-^ s * ! 4 qlx* 


t 


Temperature difference between inner and outer walls of ABCD. 

d6=heat loss in space ABCD X thermal resistance of walls 

* glx t Ux (Pv ut*+p. fi) 
gw 1 Pm Pv X dx 
[pvtt>HP»<*] 

Difference of temperature between 0 and outer surface 


0 : 


ft# 


■(pvtr'+p. 


f 

PiiJL | 


qwH* Pv 
SfpvM^+P^ 1 ) 


.(3-27) 


Let Q be the total heat produced in the coil 
Q-ql wt 
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Putting this value of Q in Eqn. 3'27 we get 

0 - 4 -, - pTpv - 2 _ 

8/ (pv«’--i- p3ft a ) 


8 / 


( JL) 

\t ?x Wpv) 


.(3-28) 


3 4.4. Thermal Resistivity of'Winding. p v and p* are the effective resistivities 
along the i.irections an and bh. These values of thermal resistivities include effects of both 
copper (or iron as tin' case may be) and insulation. Their value* not only depends upor the 
thctrnal resistivities ol copper and instil.iti''M but not on their relative thicknesses. 

ljet a, 6—thickness of copper per metre along aa, and hb respi ctively 
Po pr-thermal resistivity ol copper and insulation respectively 

thermal resistance of copper and insulation respectively along aa, 

Hea ~total ti’.ermal resistance along aa. 

Since both copper and insulation arc in series in the path of heat flow. 

Ksa' f I* Bat •••(*) 


But 


iBo 


_ Pv X to 


Kb, 


p r X v' x a 
t'/l 


and 


or 


II eat — 


txl 

p<(i»—u'X a) 
t X I ’ 

Putting these values in (?*), we have : 

Pv X ir—?r X w X a ■+• pi (to —w v a ) 

Pv—pr X a-b p«( 1 —a) 

I'he resistivity ol copper is negligible as compared with that of insulation, 

Pv~ pc( 1 — <’) 

and similarly pr=pi (1 

If a~b i.e. copper per metre is the same in both the directions, 
pi = p#=pi (1 —o) 

Generalizing the above equations, we have, 

Pr=pi(’-«) ...(330) 

w h° ro --offer ive thermal Resistivity of winding (t.e. copper plus 

insulation) 

p<=thermal resistivity of insulation 
a =length of copper per metre of winding thickness. 

Eqn. 3‘30 can be written as, 

4 

P*“P« 0 Sf ) ...(3-31) 

where o.—_ r.,„*_ copper area 


. (3 29) 


£/=space l’actor= 


total winding area 


aX a 


IXI 


-a" 


a-St ...{3'32) 

Example 37. Afield coil has a cross section of fOO X 50 mm* and its length of mean 
\um is 1 m. Estimate the hot spot temperature above that of the outer swface of the coil if the 
total loss in the coil is 120 W. Ass ume : Space factor = O'66. J 

Thermal resistivity of insulating materidl=*8 Q m. 

Solution. From Eqn. 3'31 effective thermal resistivity, 

p,=pi (l T S/*)~8(l-0'56*)-2 Qm. 

Volume of coil= 100 X 10 - > X 50 X 10~ 8 X 1 =5 X 10“ 3 m*, 

*”slfTQ=»“ 2 ‘ ,><10,w / m, • 
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Assuming equal inward and outward heat .flows and applying Eqn. 3'23, hot spot 
temperature rise 

qpt* 24XlQ a X2X(5OXl0-»)» 




—15°C. 


8 8 

Example 3*8. The copper lose in a winding, 25 mm thick radially is 20Wjkg. The 
thermal resistivity of paper insulation used in this coil is 8 Q m and the copper space factor is 
0‘7. The coil is mounted on a former of infinite thermal resistivity. Calculate the maximum 
temperature difference between the coil surface and the winding. 

One cubic metre of copper weighs 8900 kg. 


ovr&oi wpnta 
or con. 
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Fig. 3‘5. Coil with an insulating cylinder of 
infinite thermal resistivity. 


Solution. Fig. 3‘5 shews the 
arrangement of the coil. As the former 
has infinite thermal resistivity, the flow 
of heat in the direction of the former is 
zero. 

Talcing the outer surface of former 
as reference and considering an elementary 
strip of thickness dx at a distance x. 

Heat to be dissipated through this 
strip Qn^qxhw 

where f=heat produced per unit 

volume. 

Thermal resistance of strip 

ptdx 


dR— 


wXh 


where p«=effective thermal resistivity along the direction of heat flow 

Temperature across the strip dB=Q* x dR 
psdx 


■qxhwX 


i oh 


■q xp « dx. 


The maximum temperature difference is between inner and outer surfaces of coil, 
and by integrating the above expression, its value is, 

*=Jq ? * P* 

We have p.=p<(l -<&//»}, -8(1 -(W)-1*31 Qm. 

g=0'7 x 20 x 8900—124600 W/m* 

From the relation derived above, 

„ 0p.t* 124600 X1 31X(25X10"*)* _ cl0 ^ 

SorJ^-ss- ^ .. =01 vi. 

£•4*5, Temperature Gradients in Conductors placed in Slots. The conductors 

Jn i(ots carry current and therefore heat is produced in them on account of copper 
lass. In order to assess the temperature in the centre of the core, we consider the 
following two cases. 

(•} Considering the slot insulation to be comparatively very thick as compared 
with that on the end connections, the heat produced in the embedded portion of the 
conductor is conducted (along its length to the end windings. Fig. 3'6 shows 
a conductor placed in a slot. It is desired to find the temperature difference between 
its centre 0 and the overhang. 

Let It —current carried by the conductor, A ; 

£—length of the embedded conductors, m; Oi—area of the conductor, 1 t - , 
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pc=thermal resistivity of conductor, Qm ;, 

8=current density in the conductor, A/m*; 

\ p**electrical resistivity of conductor, Qm. 

** t * 

Consider a strip of width dx at a distance x from 0. 
-?•’> ^eat conducted through the strip, 

Q»*=PR loss between 0 and strip 



Thermal resistance of the strip 
ptdx 


dR,- 


On 


From Eqn. 3'6, the temperature across the strip 

px pc dx In* , 

^P~ZT P® * ” 


de=/. a - 


an 


an 


an* 


Temperature difference between 0 and overhang 
f L/2 jr.* 

®“jo 

“P Kf ~ *c ■ ■(3'SS) 

On o 

=p8*pe^-°C, ...(3*34) 

(ii) Consider that the overhang is considerably hot and therefore the heat produced 
in the embedded portion of the conductor is to be conducted through the slot insulation 
to the iron core. We have now to compute the temperature difference between 
copper and the surrounding iron. 

Referring to Fig. 3‘7. 


Let IF«*=>width of the slot, m ; 


d§ “depth of slot, m ; 

(■■thickness of insulation, m ; 

p<“thermal resistivity of insulation ; Qm. 


Embedded 

conductor 


Overhang 



Fig. 3'6. Temperature gradient 
•eras the length of embedded 
conductor. 


W 777 - 

^-CONDUCTOR 



mmmm. 

y—w 9 —+\ 

Fig. 3*7. Temperature gradient acroN 
the inwlanon of conduct o r 
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Heat produced in the conductor Q^It* 


PL_ 

a» 


Area to the path of heat flowest£r(2d«+ W»). 


Thermal resistance of insulation 22#» 


Pd 


L(2d,+W,) 

From Eqn. 3*6, temperature gradient across the insulation, 


.P^_ 


P< * 


#*»/■*-—-x- _ 

’ at x L(2dt+W,) 


=/#*.- 


Hi 


at (2di-h IF#) 

Putting Iia>toi, we have : 

a. p- p< *-* 


# C. ..(3*35) 


(2 it+W,) 

Heating of Turbo-alternator-Rotere. 

the conductors in a slot and its iron walls is : 

*-"£• <*&W° C - (S “ E «"' 3 ' 35 > 


...(3-36) 

rhe temperature difference between 


We can neglect the term W• for the case of strip copper laid flat in the rotor slots 
of turbo.alternators because the heat will not travel down the layers of insulation. 

For turbo* alternator rotors, 


0«/.* 


o» 


pd_ 
2 dt 


-..(3‘37) 


Example 3*9. Calculate the temperature difference between the centre of the 
embedded portion of a conductor and the overhang . The length of the machine ia 0 5 m 
and the current density in (he conductors is 4 A/mm *. The thermal resistivity of comer 
is O'0025 Qm. Assume that the total heat produced is conducted along the length ofthe 
conductor, and the electrical resistivity of conductor is .0 021 X 10~* Qm. 

Motion. From Eqn. 3*34, 

e-tVp. f- 

-0-021 X10-*X (4 X10*)*X(C0025X ® g --26-3"C. 

as 3««4A/mm , *»4x 10* A/m* 

Example 3T0. A 6600 volt alternator has open slots each containing 4 conduc¬ 
tors. Bach conductor has a cross section of 6x8 mm* and carries a current of 800 A. 
The insulation between (he conductors and (he slot walls is 3. mm thick and has a thermal 
resistivity of 3 Qm. The length of slot portion of conductor is O’8 m. Calculate the temperature 
difference between (he conductor and the slot walls if : 

(f) the cods fit tightly ** (be slots 

(if) there is an air space 0’5 mm thick between the coils and the elot watte. 

Air has a thermal resistivity oftO Qm. 

Take the resistivity Of copper as 0021 Xl(T* Qm. 

Motion. Total copper loss in each slot 

0*021 XlO^XO’S .. 

m4x2Q0»X - yffigjyr * ~ 21 w » 

■ . ’ ■ 1 ■.- ; . / ■ ■ 
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The area presented to the path of heat flow is calculated at the centre of insulation 
thickness. 


5=0’3 X [(8-3-3)+2(4 X 6+1 5)3 X 10"»= 18 6 X i0"» m*. 


From Eqn. 3'7, temperature difference across the insulation 


0=<?e#». 


P * 
S 


=21 X 


3X3 X 10~* 
18-6X10"* 


= 10-16 °C. 


Therefore 10" 16°C is the temperature between the coil and the slot walls if the coils 
tightly fit into the slots. 

(ii) The calculation of area presented to the path of heat flow through air is based 
upon the outer dimensions of the insulated coil. 

/. 5=93 X [(8+2 X 3)+2(4 X 6+3)] X10“ 3 =204 X 10"« m*. 

Thickness of air space =0'5 mm.=0"5 X 10“* m. 


Thermal resistivity of air =23 Qm. 

Temperature difference across the air space 


91v 20X0-5XIQ-* 
203X10-* 


= 10*34®C. 


The insulation and the air space are in series in the path of heat flow. Hence, total 
temperature difference between .the conductor and the slot wall = 10’16 + 10'34=20 5 o C. 

This shows that even a small air space between the coil and the slot walls may result 
in serious rise in temperature of the conductors. 


Example 3’ II. The inner dimensions of the former of field coil of a d.c. generator 
are 150 X 250 mm 2 . The former is 2'5 mm thick. Calculate the heat conducted across the 
former from winding to core if there is an air space TO mm. wide between the former and 
the pole core. The thermal conductivity of former and air is O'166 and 0'05 W/m-°C 
respectively. The winding height is 200 mm and the temperature rise is 40°C. 

Solution. Area of path of heat flow 5=2 (150-j- 250)X200 mm*=0’16 m*. 


From Eqn. 3’3, thermal resistance of former 

/ 2*5 X10"* 


oS 0166X016 
1-0X10“* 


.0*094 Q. 


Thermal resistance of airspace ’’’‘ q-OS x 0-16 ^ ^ 

The former and the air space offer thermal resistance to the heat flow from winding 
to pole core and their thermal resistances are in series. 

Total thermal resistance to heat flow J?#=0-094+0'125.«*0'219 Q. 


Heat conducted Qcem- 


V-fl« 

Re 


40 

0-219 


.182-6 W. 


COOLING OF ROTATING ELECTRICAL MACHINES 

3-6. Cooling and Associated Terminology. Indian Standards Specification IS €362 
—1971 “Designation of Methods of Cooling of Rotating Electrical Machines'* defines 
terms connected with cooling of Rotating Electrical Machines. Some of the commonly 
used terms are explained below : ■ • ■ 

1. Cooling. A process by means of which heat resulting from losses occuring in 
a machine is given up to a primary coolant by incresing its temperature. The heated 
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primary coolant may be replaced by new coolant at lower temperature or may be cooled 
. by a secondary coolant in some form of heat exchanger. 

2. Primary Coolant. A medium (liquid or gas) which, by being at a lower tem¬ 
perature than a part of a machine and in contact with it, removes heat from that part. 

3. Secondary Coolant. A medium (liquid or gas) which, being at a lower 
temperature than the primary coolant, removes the heat from the primary coolant in a heat 
exchanger. 

4. Heat Exchanger, A component intended to transfer beat from one coolant to 
another while keeping the two coolants separate ( i.e . air cooled heat exchanger, water cooled 
heat exchanger, double wall, ribbed tubes, etc.) 

5. Inner Cooled (Direct Cooled) Winding. A winding which has either hollow 
conductors or tubes which form an integral part of the winding, through which the coolant 
flows. 

6. Open Circuit Cooling. A method of cooling in which the coolant is drawn from 
medium surrounding the machine, passes through the machine and then returns to the 
surrounding medium. 

7. Cloeed Circuit Cooling System. A method of cooling in which a primary 
coolant is circulated in a closed circuit through the machine, and if necessary through a 
heat exchanger. Heat is transferred from the primary coolant to the secondary coolant 
either through the structural parts or in the heat exchanger. 

8. Dependent Circulating Circuit Component. A separate component in 
the coolant circulating circuit which is dependent for its operation on the operation of the 
main machine. 

9. Independent Circulating Circuit Component. A separate component in the 
coolant circulating circuit which is independent of the operation of the main machine. 

10. Integral Circulating Circuit Component. A component in the coolant 
circulating circuit which forms part of the machine, and which can be replaced only by 
partially dismantling the main machine. 

11. Machine Mounted Circulating Circuit Component. A component in the 
coolant circulating'circuit which is mounted on machine, and forms part of it, but which 
can be replaced without disturbing the main machine. 

12. Separately Mounted Circulating Circuit Component. A component in the 
coolant circulating circuit which is associated with a machine, but which is not mounted on 
or integral with it. 

3*7. Method® of Cooling. The factor which determines the size of a machine for a 
given duty is the temperature rise which occurs as a result of the various losses in the 
machine. Maximum allowable values of temperature rise in various parts of a machine 
have been standardized by International Electro-technical Commission. It is possible 
that, as new insulating materials suitable for withstanding higher temperatures are developed, 
these values will be revised upwards ; but for the immediate future, the greatest gains of 
output from a given size of machine are likely to arise from improvements in the cooling 
techniques. 

Small electrical machinal in the fractional horse power range may be cooled by 
natural means. In this method Ho external devices are used and the cooling is done by natural 
radiation and convection assisted by random air currents set up by rotor where the frames 
are open. But all modem electrical machines are characterized by large losses per unit area 
of surfaces of the machine, which dissipate heat into the ambi int medium and hence artificial 
cooling methods are necessary in order to avoid excessive temperature rises during machine 
operation. • . . 
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In most cases the cooling of electrical machine's is done by air streams and this cooling 
is called “Ventilation”. In high speed machines such as turbo-alternators, hydrogen is 
used for cooling. There are m ichines in which water is used for cooling. 

3*8. Cooling System. According to IS : 4722-1968 “Specification for Rotating 
Electrical Machines” the cooling systems are classified into three types depending upon the 
origin of cooling. 

1. Natural Cooling. The machine, is cooled by natural air currents set up either by 
rotating parts or due to temperature differences. The machine thus is cooled without the 
use of a lan by the movement of air and radiation. 

2. Self Cooling. Tin 1 machine is cooled by cooling air driven by a fan mounted 
on the rotor or one driven by it. 

3. Separate Cooling. The machine is cooled either by a fan not driven by its 

shaft, or it is cooled by a cooling medium other than air put into motion by means not 
belonging to the machine. 7 

The cooling of machines according to the manner of cooling is of following types : 

1. Open Circuit Ventilation. The heat is given up directly to the cooling air 
through the machine which is being continuously replaced. 

2. Surface Ventilation. r J'he heat is given up by the cooling medium from the ex¬ 
ternal surface of a totally ( ncloscd machine. 

3. Closed Circuit Ventilation. The heat is transferred to the cooling medium 
through an intermediate cooling medium circulating in a closed circuit through the machine 
and a cooler. 

4. Liquid Cooling. Parts of the machine carry water or another kind of liquid 
flowing through them, or they are immersed into a liquid. 


Inner Cooling of Windings. This is of two types: 

(i) Inner Gas Cooling. One or all windings Are cooled by a gas, for instance 
hydrogen, flowing internally through the conductors or coil. 

(ii) Inner Liquid Cooling. One or all windings are cooled by a liquid, for instance 
water, flowing internally through the conductors or coils. 


3 9. Enclosures for Rotating Electrical Machines. The problem of ventilation 
in rotating electrical machines is closely linked with the types of enclosures used. The 
various types of enclosures* used are : 

1. Open Machine. One in which there is no restriction to ventilation other than 
that necessitated by good mechanical construction. 

2. Open Pedestal Machine (OP). An open machine which has pedestal bearing 

supported independently of the machine frame. 

3. Open End-Bracket Machine (OEB). An open machine having-end brackets 
of which the bearings form an integral part. 


4 Protected Machine (P). A machine in which the internal rotating parts and 
live part's are protected mechanically from accidental or inadvertent contact, while ventilation 

is not materially impeded. 

5. Screen-Protected Machine (SP). A protected machine in ‘^ venti¬ 

lating openings are not less than 64'5 mm» in area. Such protection may be provided by 


•IS: 4722-1968 “Specification for .Rotating Electrical Macnme-. iypc 
those as given in 1,2,3 are such that internal rotating and live parts a pr agatml 
or inadvertent emttet. 
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screens of wire m*sh, expanded metal, perforated metal or other suitable covers. The use 
of openings smaller than 64’5 mm* is not recognized, as such openings are liable to become 
closed in service. 

6. Drip-Proof Machine (DP). A protected machine in which the opening for 
ventilation are so protected as to exclude vertically falling water or dirf. 

7. Splash-Proof Machine (SPLP) . A protected machine in which the ventilating 
openings are so constructed that drops of liquid or solid particles falling on or reaching any 
parr of them machine at any angle between the vertically downward direction and 100° from 
that direction cannot enter the machine whether the machine is running or at rest, by 
splashing, or otherwise, either directly or by striking and running along a surface. 

8. IJose-Proof Machine (HSP). A protected machine so enclosed as to exclude 
water whether the machine is running or at rest, when washed by a hose having a 9'5 mm 
diameter nozzle with a maximum pressure of 3‘5 kg/cm 8 for a period not exceeding 30 
seconds, from a minimum distance of 1*8 metres. 

9. Pipe-Ventilated or Duct-Ventilated Machine. A machine in which there is a 
continuous supply or fresh ventilating air, the frame being so arranged that the ventilating 
air may be conveyed to and/or from the machine through pipes or ducts attached 
to the enclosing case. 

(a) A pipe-ventilated or duct-ventilated machine may be one of the following 
three types : 

(i) With provision for inlet duct only. 

(ii) With provision for inlet ar.d outlet duels. 

(in) With provision for outlet duct only. 

( b) A pipe-ventilated or duct-ventilated machine may be cooled by one of the 
following means • 

(i) Self-ventilation (PV) 

(•'*) Forced-draught with air supplied by external pressure (PVFD) 

(it*) Induced draught with air drawn through the machine by external means 
(PVID). 

10. Totally Enclosed Machine (TE). A machine so constructed that the 
enclosed air has no connection with the external air but is not necessarily ‘air-tight’. 

11. Totally Enclosed Fan-Cooled Machine (TEFC). A totally enclosed machine 
with cooling augmented by a fan, driven by the motoi itself, blowing external air over the 
cooling surface and/or through the cooling passages, if any, incorporated in the machine. 

12. Totally Enclosed Separately Air-Cooled Machine (TESAC). A totally- 
enclosed machine with cooling augmented by a separately-driven fan blowing external air 
over the cooling surfaces and/or through the cooling passages, if any, incorporated in the 
machine. 

13. Totally Enclosed Water or other Liquid-Cooled Machine (TEWC). A totally 
enclosed machine with cooling augmented by water-cooled or other liquid-cooled surfaces 
embodied in the machine itself. 

14. A Totally Enclosed Closed Air Circuit Machine. A totally enclosed 
machine haying special provision for cooling the enclosed air by passing it through its own 
cooler, usually external to the machine. The cooler may be of any recognised form using 

(*) Air (C AC A) (it) Water (CACW) 

(Hi) Other suitable cooling medium. 
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15. Totally Enclosed Closed Gas Circuit'Machine (CGGW). A totally enclosed 
machine cooled by gas other than air, the cooling gas being circulated through associated 
water-cooled gas coolers. 

M. Weather-Proof Machine (WP). A machine so constructed that it can work 
without further protection from weather conditions specified by the purchaser. 

17. Watertight Machine (WT). A machine so constructed that it will withstand, 
without damage or sign of leakage, complete immersion in water to a depth of not less than 
1 m, or subjection to an external water pressure of 01 kg/cm* for a period of one hour. The 
test for watertightness shall be made with the machine stationary and the temperature 
of the machine shall not exceed the temperature of the water in which it is immersed. 

18. Submersible Machine, A machine capable of working for an indefinitely 
long period when submerged under a specified head of water. 

19. Flame Proof Machine (FLP). A machine which complies with the 
requirements of IS : 2148—1962 "Specification for flame-proof enclosures of electrical 
apparatus". 

3*10, Induced and Forced Ventilation 

Both self ventilation and separate ventilation may be subdivided into two categories: 

(♦) Induced ventilation, (»*) Forced ventilation. 
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The ventilation of the machine is induced if the fan produces a decreased pressure of 
air inside the machine causing the air to be sucked into the machine under the external 
atmospheric pressure. The air is then pushed out by the fan into the atmosphere. Figs. $ 8 
and 3'9 show the induced ventilation using respectively' internal and external fans. 

The ventilation of machine is said to be forced if the fan sucks the air from the 
atmosphere and forces it into the machine, from where it is then pushed out to the atmosphere 
(Figs. 310 and 3‘11). v 

Induced self ventilation is most commonly used in machines of small and medium 
power outputs. In this case the built in fan is mounted on the shaft within the end shield 



me r 


FAN 


Fig. 3* 10. Forced ventilation with internal fan. 

on the driving end. In induced ventilation cold air enters the machine whereas with 
iorced ventilation the teraperatrure of the cooling air rises on account of losses in the fan 
I hus the amount of air required to cool the machine is higher with forced ventilation’ 
However m the past few years quiet operation of electrical machines has become an 
important requirement. The fan is one of the major sources of noise especially when the 
inside diameter of the end shield is nearly equal to the outside diameter of fan. ^ Low noise 

AIR OUTLET 
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level machines are designed with smaller specific loadings and consequently losses per unit 
dissipa ting surface are small. This permits tlie use of fans with smaller diameters. In such 
cases it is possible to use forced self ventilation (Fig. 3' 10). In induction motors having 
radial ducts in the stator and rotor, forced self ventilation is adopted as a rule. There are 
electrical machines in which a combination, of radial and axial forced self ventilation is 
also used. 


3T1. Radial and Axial Ventilation. The ventilating systems can be classified 
into three types depending upon how the air passes over the heated machine parts, as : 

(i) Radial, («) Axial, (Hi) Combined Radial and Axial. 

3 111. Radial Ventilating System. This system is most commonly employed 
because the movement of rotor induces a natural centrifugal movement of air which may be 
augmented by provisions of fans if required. Fig. 3T2 (a) shows the radirl system for 
machines with small core lengths. The end shields arc shaped to guide air on the 
coverhang and then on to the back of the core. This method is suitable far machines upto 
about 20 kW. For larger machines, which have large core lengths, the core is subdivided in 
order to provide radial ventilating ducts as shown in Fig. 312(6). The air now passes 
radially through these ducts, the path of air in the ducts b, ing parallel to that over the 
overhang. The cote is normally divided into stacks 40 to 80 mm thick, with ventilating 



(«) ( 6 ) 
Fig. 3-12. Radial systems of ventilation. 


ducts of width 10 mm in between them. The use of 10 mm wide radial ventilating ducts has 
been a universal practice until recently. However, it has been found that with air flowing up 
the radial ducts only a layer 3 mm wide in contact with the core walls is effective in cooiing 
and the middle 4 mm wide band contributes very little to cooling of the core. Therefore 
some firms have started manufacturing machines with radial ventilating ducts of 6'5 mm 
width. The advantages of radial system are : (i) minimum energy losses for ventilation (»») 
sufficiently uniform temperature rise of machine in the axial direction. The disadvantages 
are : (i) it makes the machine lengths larger as space for ventilating ducts has to be provided 
along the core length, (it) the ventilating system sometimes becomes unstable in respect to 
quantity of cooling air flowing. 

In radial ventilation, a high rate of heat dissipation is possible in the air gap 
between stator and rotor on account of high air speeds accompanied by turbulence. 

3*11*2. Axial Ventilating System, The axial ventilating system as employed in 
induction machines is shown in Figs. 3‘13 (a) and (6). In this case axial ducts are provided. 
If the axial ducts are arranged on the rotor, it is known as simple axial system while if 
the axial ducts are provided on both stator and rotor, it is called a double axial system. This 
system of ventilation is suitable for machines of medium output and high speed. This is 
because in high speed machines, a solid rotor construction with restricted -spider 
is used in order to avoid centrifugal stresses and this restricts the provision of radial 
ventilating ducts and hence axial ventilation has to be used. In order to increase the 
cooling surface holes may be punched where considerable heat dissipation occurs. This no 
doubt improves cooling; but requires a large core diameter for the increased core depth. 
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The tlisadvantages of axial ventilation are (t) non uniform heat transfer—it is clear from 
Fig. 3'13 that the temperature of the end fiom which the air leaves is higher than that of 
the end where the ,'air enters. This is because the air gets hot in its passage from the 
entering end to the {leaving end, (it) increased iron loss—the provision of axial ventilating 



Fig. 313. Axial system of ventilation. Fig. 3-14. Combined axial and radial ventilation 

ducts behind the slots of the stator reduces the amount of iron giving rise to increased flux 
density in the stator core ; this increases the iron loss. However in a large number of cases 
this loss is more than compensated by improved cooling. 

3TT3 Combined Axial and Radial Ventilating System. This method is usually 
employed for large motors and small turboalternators. This is because on these machines 
the area of axial ducts required to carry sufficient quantity of cooling air becomes excessive 
giving rise to a large iron loss and therefore a mixed axial and radial system has to be used. 
Fig. 3*14 shows the mixed system of ventilation. The air is drawn into the machine from 
one end and is encouraged to pass through the ducts by baffling the fan end of the rotor 
spider. The rotor mounted fan forces out the air. 

3T2. Cooling of Totally Enclosed Machines. Totally enclosed machines are used 
in applications where the use of open and protected machines is inadmissible i.e. in cases 
where the air contains objectionable impurities like explosive gases and acid fumes that may 
destroy the insulation. In a totally enclosed machine the inside of machine can have no air 
connection with the outside and all the heat developed inside should be dissipated into the 
surroundings from the external surface of the frame. If this heat is dissipated by natural 
radiation and convection the cooling is not very effective ard thus the rating of the machine 
is low. Hence the use of totally enclosed machines, except when they are absolutely 
necessary, is quite uneconomical as such machines are always heavier and more expensive 
than open or protected machines. Totally enclosed machines are of two types : 

I. Ventilated Frame Machines. In self 
ventilated frame totally enclosed machines a fan is 
mounted on the shaft outside the working parts of 
the machine. This fan blows air over the caracass 
through a space between the main housing and a 
thin cover plate. (Fig. 315). Fig. 3*16 shows 
another arrangement. The fan pushes the air 
along the surface of the machine which is provided 
with ribs. The fan is enclosed by another cover in 
order to secure required direction of air flow. This 
type of ventilation is effective for machines with 
power outputs upto 25 kW. In larger,machines 
(output power upto 200 kW) it is necessary to 



Fig. y 15. Self ventilated frame totally 
enc'osed machine. 
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provide in addition, circulation cf air inside the machine to improve heat dissipation. This 
is done by providing another fan inside the machine (Fig. 3'17) which may 

Stator 



Fig. 3 .16. Self ventilated frame Jtolally enclosed machine. 


circulate air in the inner portion. The advantage of using an internal fan is that it avoids 
temperature gradients across the air gap. It si ould be noted that the air inside acts as lhe‘ 
primary coolant and the air outside (blown by the outer fan) acts as secondary , 'cooIant. r, 




Fig. 3*17. Self ventilated totally erclosed irrchincs. Fig. 318. Ventilated radfctor to'rlly enclosed 
(with external fan) machine. 

2. Ventilated Radiator Machines. In such machines an ir.toi.il fan circulates air 
inside the machine. An external fan sucks the hot air ficm inside and pushes it into 
the radiators (hrat exchangers) provided on the frame of the machine as shown in 
Fie 318. The hot air is cooled in the radiators by fans w hich are not an integral part of 
the machine and is then fed back to the machine. 1 his type of cooling allows totally 
enclosed induction machines to be built upto 5 MW in a single unit. 

At higher ratings the outside air may be cooled by water if there is a convenient 
source (of water). 

3*13. Cooling Circuits, Both self and independent ventilation may be of two 
types, (i) open circuit ventilation, and (it) closed circuit ventilation. 

In the open circuit ventilation cold air is drawn in and forced out after passing over 
the heated machine parts. Thus fresh air is continuously drawn in and expelled. In large 
machines which require large volumes of air, it is necessary to clean air with suitable filters 
in order to prevent clogging of cooling ducts with dust. It is also necessary to dry the air 
to eliminate moisture. The filters have to be frequently cleaned. The filters also increase 
resistance to air flow and thus additional fan power is required to calculate air. 

It is clear that if open circuit ventilation is used for the largest machines which require 
many tons of cooling air per hour the operating costs will be prohibitive. Also no filter 
removes all the dust from the ventilating air and therefore for these reasons, open circuit 
ventilation is not used for the largest size machines. 
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A complete mean* oi' .securing clean cooling air is the closer! circuit ventilation 
system. It is a system win re ilie same volume of air passes through a closed circuit. This 
circuit consists of various passages in the machine, together with a chamber in the 
foundations containing the fans, air coolers, drying agents, etc. The hot air coining from 



Fig. 319. Closed circuit ventilation of an air cooled turbo-alternator. 


the outlets in the machine frame is passed through a water cooled air cooler where the air 
is cooled. 7he cool air is then returned to the inlet openings of the machine where 
it is recirculated. Fig. 3’19 shows closed circuit ventilation of an air cooled turbo-alternator. 

3’14. Cooling of Turbo-alternators. The problem of cooling of turbo-alternators 
is one of the most complex problems in electrical engineering since being high speed 
machines tlieir dimensions as compared with those of hydro-electric generators for instance, 
are much smaller. In fact the problems associated with cooling arise because turbo-alternators 
are characterized by long core lengths and small diameters. The vnrions methods for 
cooling turbo-alternators are described below. 

3T5. Air cooled Turbo-alternators. The cooling of turbo-alternators by air is 
used for small units. The common notion that the aircooled turbo-alternator is getting 
obsolete is not correct. In fact gas turbine generating units rated at 17*5 MW, 25 MW 
and 35 MW which are getting into prominence as emergency auxiliaries in large power 
Stations are air cooled machines. Also there are a number of 30 MW and 60 MW air cooled 
machines which- are yet in service. The various methods used for air cooling of turbo- 
alternators are : 

1 . One sided Axial Ventilation. Machines for power outputs upto 3 MW 
permit the use of one sided parallel axial ventilation. In this method the machine is 
supplied with air by propeller fan and the air enters the machine from one side and leaves 
from the other. The disadvantage of one sided axial ventilation in long machines is the 
great difference in the temperature rise of the winding 'along the length of the machine. 

2. Two sided Axial Ventilation. In this method the air is forced through the 
machine from both the sides. The two sided system of ventilation has the advantage that 
the end windings on both sides of machine have the same temperature rise. This method 
can be used for machines of rating upto 12 MW. 
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3. Multiple Inlet System. The above methods of axial ventilation cannot bn 
used for lur).e all ..nm tors having long core lengths because there is a difficulty in supplying 
the central parts of the tore with requisite volume of cool air. This is because with long 
core the air gets hot b: fore it reaches the central portions. Thu-; in larger machines multiple 
inlet system i:. adopted 

In r multiple inlet system the out'-r stator casing is divided into a number of 
comp.'utmcnp, these being used alternatively as inlet and outlet chambers as shown in 
Fig. d'20. In the inlet chambers the air is directed radially inwards while in the outlet 
chambers the rir is directed radially outwards. Air is forced under pressure into the stator 

STATOR CASING-AIR INLET 



casing where it enters the inlet chamber A from where it flows radially inwards into the 
stator ducts. Part of this air passes through the axial ducts, the remainder flowing along 
the air gap. It then passes radially outwards in the adjacent sections of the core to the 
outlet chambers as at 'B'. 

The air is drawn from the outlet chambers and is sent to the coolers where it. is 
cooled and is recirculated. This method can be used for machines of rating upto 60 MW. 

316. Hydrogen Cooling and Hydrogen Cooled Turbo-alternators. When the 
problem of increasing generator rating was tackled it became clear that the air cooled 
machines did not provide the necessary scope for progress. Building of air cooled 
turbo-alternators above 50 MW rating presented serious ventilation difficulties, not only in 
circulating the requisite quantity of air through the machine but also because the high fan 
power required to circulate the air. An idea of the quantities involved can be had from 
the data of a 60 MW machine which has a total loss of 1000 kW and requires about 150 
tons of air per hour and a fan power of about 100 kW. Thus the air circulating fan power 
required for this duty is high and on this score alone the air cooled generator can be ruled 
out when it becomes necessary to increase generator ratings. Evidently to push up 

S nerator ratings an alternative cooling medium had to be found. That medium was 
ydrogen. 

The utilisation of hydrogQq for the cooling of electrial machines gives the following 
advantami S 
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3 161 Advantages of Hydrogen Cooling 

1. Increased Efficiency. An increase in efficiency results from reduction in the 
ventilation losses (like windage) which are a major portion of the total losses in a high 
•'speed machine. This is because the density of hydrogen is only 0'07 times the density of 
air and therefore the power required to circulate hydrogen should be about 1/14 of the 
power required for an equivalent quantity of air. In practice the power required is about 
1/10 of that for air when hydrogen is 98%. 

Calculations show that in 50 MW | and 100 MW turbo-alternators with hydrogen 
cooling the efficiency is raised by approximately 0‘8 per cent at full load attaining values of 
99'0 to 99'2 per cent. 

2. Increase in Rating. Hydrogen has a heat transfer co-efficient 1 *5 times and 
its thermal conductivity is 7 times that of air. Consequently when hydrogen is used as a 
coolant, the heat is more readily taken up from the machine parts and given out. Therefore 
heat generated is more effectively removed and the active materials canbe loaded more than 
is possible with air cooling. 

The high value of thermal conductivity of hydrogen, the temperature gradients across 
the film barrier between cooled surface and coolant and also across the coolant are reduced. 
On account of the above two factors, an increased output can be taken from a given frame 
size if hydrogen cooling is used. 

If conventional hydrogen cooling at 105 kN/m* (a little above atmospheric to avoid 
air leakage into hydrogen) is applied to a generator designed for air cooling, the overall 
advantage could be an increase in rating by 20-25 per cent. If the gas pressure is raised to 
300 kN/m s (nearly three atmoshpere) the rating could be increased by about 35 per cent above 
the rating as an air cooled gancrator. This is because at higher pressures the co-efficient of heat 
transfer increases (for hydrogen it is 3'65 times that of air at a pressure of 300 kN/m*) and 
consequently the temperature gradient across film barrier reduces (see Fig. 3’25) allowing 
the machine rating to be increased. With conventional hydrogen cooling it is possible to 
increase the rating of a single unit to 200 MW. 

3. Increase In Life. The life of a machine is mainly the life of winding insulation 
and air pockets in insulation can be sources of such high local temperatures that there is 
always the risk of insulation breakdown and fire. The thermal conductivity of hydrogen 
is nearly seven times that of air and is of the same order as the winding insulation. When, 
therefore, there are pockets filled with hydrogen, heat conduction through them will be as 
good as through winding insulation and consequently high local temperature rises are 
not there. 

When air is used as a coolant the high voltage winding can fail due to destructive 
action of corona discharge. This is because air contains oxygen and nitrogen and during 
corona discharge ozone, nitric acid and other chemical compounds are formed which attack 
oragnic material in the insulation. On the other hand when hydrogen is used as 
coolant, sufficient*oxygen to form o*one and destructive compounds in the event of corona 
discharge is not present. The danger from this source is, therefore, greatly reduced. Hence 
the use of hydrogen as a coolant greatly increases the life of machine. 

4. Elimination of Fire Haxard. The outbreak of fire inside the machine is 
impossible as hydrogen does not support burning. 

5.. Smaller Sise of Cooler*. The size of coolers require to cool the gas are 
smaller in size when hydrogen is used as a coolant. 

6. Lean Noise. The noise produced by a hydrogen cooled machine is less as the 
mtor moves in a medium of smaller density. 

3* 16*2. Hydrogen Cooling System. Hydrogen when mixed with air forms an 
• explosive mixture over a very wide range (4% to 76%) ofhydregen in aif. Therefore the 
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frame of hydrogen cooled machines has to be made strong enough to withstand possible 
internal explosions without suffering serious damage. All joints in cooling circuits are 
made gas tight and oil film shaft seals are used to prevent leakage of hydrogen. Fig. 3'21 
shows two types of shaft seals. The seals must accommodate axial expansion of the rotor 



(a) (A) 

Fig. 321. Hydrogen shaft seals. 

shaft and the stator frame. Fig. 3'21 (a) shows the thrust face seal, the seal bearing is a 
small thrust bearing held by springs to a collar machined on the rotor shaft. The seal oil is 
forced in a groove in the bearing face. In Fig. 3T1 (6) the seal rings are two short 
bearings fitting closely to the rotor shaft but held apart by a greater spring. Sealing 
oil is forced into the space between the two bearing rings and passes in two axial 
directions along the shaft. A part of the oil flows towards the inner (gas) side and other 
part to the air side. The oil that flows towards air mixes with air, while the oil that goes 
towards hydrogen is collected and degassed. 

■ The risks of explosion in the machine casing are reduced by maintaining the 
hydrogen above atmospheric pressure so that any leakage is from machine to atmosphere 
where the hydrogen can he quickly dissipated. Initially a pressure of 105 kN/m a (little 
above atmosphere) was used but as advantages of higher pressures (like increase in 
rating) became apparent pressures in modern convontially cooled turbo*alternators have been 
increased to 200—300 kN/m a . 

Fans mounted on the rotor circulate hydrogen through the ventilating ducts and 
internally arranged gas coolers. The gas pressure is maintained by an automatic regulating 



Fif. 3 22. Hydrogen cooling circuit, 
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and reducing valve controlling the supply from gas cylinders. When filling and emptying 
the casing of machine, an explosive hydrogen air mixture must be avoided, so that air is first 
displaced by carbon dioxide gas before hydrogen gas is admitted. The process is reversed 
when emptying the machine. It is usual to provide a drier to take up water vapour entering 
through seals. The puiity of hydrogen is checked by measuring its thermal conductivity. 
Fig. 3'22 shows the machine and the auxiliary equipment required for hydrogen cooling. 

3'17. Direct Cooling and Direct Cooled Turbo-alternators, The terms 
conventional cooling and direct cooling are explained first. 

Conventional Cooling. Conventionally cooled machines dissipate their losses to a 
coolant which is entirely outside the coil insulation. The cooling methods described above 
are all conventional methods. 

Direct Cooling. Direct cooling is the process of dissipating the armature and field 
winding losses to a cooling medium circulating within the winding insulation wall. 
Machines cooled in this manner are also called “supercharged”, “inner cooled” or 
“conductor cooled” by various manufactur. rs. In this method the coolant either is in direct 
contact with conductor copper or is separated only by materials having negligible thermal 
resistance. 

3'17*1. Advantages of Direct Cooling 

1. The attempt is always to increase the rating. One way of doing it is by increasing 
the hydrogen pressure in conventional cooling. Rotor copper heating is the most serious 
limitation to the output from a conventionally cooled generator and increasing the hy¬ 
drogen pressure beyond 300 kN/cm 2 gauge showed little increase in machine capability (see 
Fig. 3*31). It is therefore logical to adopt direct cooling of rotor conductors in order to 
increase the machine rating. 

2. Fig. 3‘23 shows the stator of a large turbo-alternator. It is provided with both 
axial as well as • radial ventilating ducts through which hydrogen (or air) is forced. 
Rotors of large turbo-alternators are also provided with comparable ducting as shown 
in Fig. 3‘23. In this case hydrogen (or air) under pressure is forced through a venti- 



Fig. 3*29. Statu tor limitation of large turbo-el ter ns tors. Fi*. 3*24* Rotor dot 

of torbo-alMriiatott. 
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lating duct provided below the bottom of < the rotor .slot This arrangement 
is suitable upto ratings of about 100 MW but above this rating the temperature 
gradient across the conductor insulation becomes high necessitating the use of direct 
cooling. The components of the temperature rise in a conventionally hydrogen cooled 
turbo-alternator are shown in Fig. 3*25. It can be seen that a considerable temperatmr« 
drop _ exists between the winding conductor and the coolant in a conventionally cooled 
machine. The temperature gradients in this drop are across the slot insulation, across 
the iron ana across the heat transfer barrier between coolant anti the cooled suface. Since 
with direct cooling the coolant conies in direct contact with the conductor, the temperature 
gradients across slot insulation, teeth and surface barrier are almost completely eliminated 



Pressure im/m 


Fig. 3*23. Components of te m pe rature rim in a conventtaliy 
hy dr ot ea cooled Turbo- 'lternator. 




PI,, 126, Components of temperature rise la a direct 
cooled Turbo*!ternetor. 


Pi,. 3 27. Stator slot ot direct 
hydrogen cooled Turbo*}t«rna»0f. 
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with the result that winding temperatures are considerably brought down.' Fig. 3*26 sho' 
the components of temperature rise of direct cooled (hydrogen) turbo-alternator. It is th 
evident that much higher output can be taken from the machine with direct cooling. 


317 2. Coolants used for Direct Cooling, The coolants normally used a 
hydrogen, water and oil. 

1. Hydrogen. In direct cooled syste n using hydrogen, both stator and rotor co; 
ductors are made hollow. Hydrogen is pumped through them conductors from one end I 
*he other. Fig. 3‘27 shows slot with solid sub-conductors about the central cooling tub 
I.-t. 3’28 shows a rotor slot having hollow conductors. The rotor conductors consist < 
rectanglar tubes which are ventilated by a cooling circuit separate from that of tl 
stamr. The hydrogen gas is admitted to the tubes through flexible insulating conne 
tions at the ends from a centrifugal impeller mounted on the out board end of ti 
rotor shaft. The rotor slot tub^s are electrically connected at the overhang by suitabi 
shaped copper bars to form inlet and outlet parts. The hollow conductors ai 
made of fn’-i drawn silver bearing copper, with synthetic resin bonded glass-cloth lamina 
insulation. It is possible to build machines upto ratings of about 300 MW by employ 
ing direct hydrogen cooling. 

2. Water. The transition from direct hydrogen cooled to direct water coolc 
turbo-alternator stator wir dings was a logical step for two reasons. Firstly, as tl 
ratings of turbo-alternators increase, more space has to be provided for the conducto: 
for the flow of requisite quantity of cooling gas. Secondly, mechanical limitation on rotor di; 
meter makes it necessary to increase the physical size of the machine by increasing its lengtl 
and to circulate hydrogen through very long conductor lengths requires high pressure head 
Water as a coolant has suppersede ! hvdrogen not only because of its superior beat transfe 
capacity but also because the viscosity of pure water is very small and it is possible t 
maintain flow in small tubes without building up dangerously high pressure heads. Th 
advantages of water as coolant are : 


1, The power required to circulate a given coolant is a function of mass c 
coolant and the pressure head required. The mass of water required to remove a givei 
heat loss is greater than that of hydrogen, but because of its (water) low viscosity the pumpii 
power required it small. 

2. There is no temperature difference between cooling water 
and the'* conductor and therefore, in water cooled generators it is 
possible to use a higher value of specific electric loading than is 
possible with hydrogen cooling. 


With direct water cooling it is possible to have ratings of about 
500 MW. 

3T7 a 3. Direct Cooling System. Turbo-alternators of the 
righest possible ratings so far contemplated are likely to use hydro¬ 
gen cooled stator cores and direct water cooled stator and rotor 
windings. 

The resistivity, and hence effectiveness of water as a coolant 
lepends upon its purity. The resistivity of water should not be less 
han 2000 Qm. Therefore plants must be installed to provide dr¬ 
illed water. Connection of water pipes, which are at earth potential, 
rith the high tension armature presents one of the main problems 
•f water cooling. The connectors must provide a high resistance 
iath between armature and water manifold. A plastic tubing 
nown as polytelrafluoroethylene is usrd /or this purpose. 

Fig. 3*29 shows the stator slot of a direct water coded turbo- 
Item* 4 . Direct water coding of rotor winding presents 



Fig. 3'28. Rotor Slot of 
a direct hydrogen cooled 
turbo-aJtemator. 
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Insulation packing at 
bottom of slot 

Slot liners coated with 
semi-conducting material 

Stot side 


Main conductor insulation of 
mica tape applied half* lap, 
and impregnated asbestos 
tape coated on the outside 
surface with semiconducting 
material 

Copper tube suh-.r 
glass braided and Impregnated 
with synthetic resin 32 
Roebel transposed insulated 
copper tubes per conductor 

Conductor separator of 
synthetic resin bonded fabric 


Slot side 


Insulation packing 

Slot wedge of synthetic 
resin bonded fabric 


F*. 3*29. Stator slot of direct water cooled turbo- alter nator. 

grater mechanical difficulties. Fig. 3'30 shows the rotor slot of direct water cooled 
turbo-alternator. The riot width is reduced near the bottom in order to increase the tooth 
width so that the stresses due to centrifugal force are kept within limits. 

An inlet seal is attached to the.- outboard (non coupling) end to enable the 
water to enter the bore of the shaft. Water travels ax : ally to a point in the plane of 
the overhang, when its flow becomes radial into manifolds which extend axially under 
the overhang. The shaft bore Is lined with stainless steel to prevent corrosion and 
conta min a t ion of water. Water is transferred from the stainless steel manifolds to th e 
winding by flexible insulating connectors. Water enters at the coil ends and leaves at 
the mid pt? Iat of each coil side. The water outlet is a simple box that surrounds the 
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shaft. Water can be circulated through holes in the slot wedges which are used as 
damper windings in a turbo-alternator. 

The maximum water tempe ratures generally used are of the order of 60 to 70°C. 
These temperatures arc based on a cooling water temperature not exceeding 40°C at the 
r. ar water inlet manifold. The highest temperature rise of water flowing through the 
copper is, therefore, only 30°C. 1 he water pumping pressure is 300 kN/cm B and the velocity 
of water hatdly exceeds 1 ‘5 m/s. The maximum permissible speed of water it 2'5 m/s. The 
speed is kept low in order to avoid erosion and cavitation. 

Refervoir tanks maintain the necessary water level. The water is tested for its purity 
and the purity is adjusted by a demineralization unit. The water is cooled in heat exchan¬ 
gers and is filtered before being circulated into the conductors by pumps. 

Oil. High grade transformer oil it an effective coolant and is being used in U.S.A. 
for direct cooling of stator conductors. But oil has a flash point which can be reached 
by machine under fault conditions and therefore it can be damaging to armature insula¬ 
tion should there be a leakage in the internal cooling system. 

YY. t r T is preferred in U.K. because it has no fire risk, and if it leaks into winding, 
the insult..ion can be restored by simple drying process, provided there is no actual 
winding failure. 

.. Fig- 3*31 shows the relative current carrying capacities of armature conductors 
with iirect hydrogen, water and oil cooling. 




Fig. 3 30. Rotor slot of direct water Fig. 3*31. Relative current carrying capacities of 

cooled turbo-alternator. turbo-alternator* with different method* of cooling. 

3* 18. Superconducting Rotor Windinga. Superconductivity and its advantages 
have been explained on page 15. Since the stator windings carry alternating currents and 
consequently cannot be made superconducting. However, the rotor carries a steady field and 
therefore, superconductivity can be used with advantage to reduce the excitation low which is 
quite high in large turbo-alternators. Lorch has proposed a cooling scheme for a 660 MW 
turbo-alternator which uses a conventional water cooled stator winding and a superconduc¬ 
ting rotor winding. In this design the rotor body is non magnetic mid is a hollow glass 
cylinder reinforced by epoxy resin with steel ends. This construction is adopted because a 
normal steel forging would conduct too much heat from the bearings (produced on account 
of b< string friction mss) and would offer no magnetic advantage at the very high flux densities 
um d for making superconductivity possible. The rotor is slotted am’ the supercooled coils 
e pltfc* t\ in slots and wrapped with glass epoxy resin The rotor windings are cooled to.a 
tempera; of about 5K by * flow of helium entering and leaving the rotor on the axis at 
the outboard. The rotor windings are shielded from harmful alternating magnetic fields of 
stator With the Mp of a rotating copper cylinder shell. The *hdU is thermal!y insulated 
from the rotor by a staled ? inless-stnj vacuum enclosure maintained At a temperature 
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between 80 and 135 K. Liquid nitrogen is passed through a system of stationary cylinders 
kept within the stator bore to form a cold screen at about 77 K. The gap between the 
stationary and the rotating parts is filled with hydrogen at a pressure of O' 1 mm of mercury in 
order to reduce the windage loss. Hydrogen is used because in addition to being light (which 
reduces windage loss), has a good thermal conductivity. Therefore the complexity of 
supplying liquid nitrogen to rotor is avoided. The stator as well as the exciter are of the 
conventional design. However, the exciter of a supercooled machine has a much lower 
rating on account of drastic reduction in rotor copper loss. 

The exciter has to supply 2'5 MW for only a very short duration (a few seconds) in 
order to build up the intense magnetic field. The field density used is between 2 to 5 Wb/m*. 
At a flux density of 2 Wb/m*, it becomes necessary to remove the stator teeth. At very high 
flux densities like 5 Wb/m 1 , the stator core and teeth become redundant but the use of high 
flux densities requires a massive magnetic shield round the stator in order tn localize the 
strong magnetic field. The use of non-metallic rotor body and nonmagnetic stator results in 
reduction of synchronous reactance and increase in transient and subtransient constants. On 
account of small value of synchronous reactance, there will be extremely l. rge mechanical 
forces developed when the generator is short circuited. Therefore the problem of securing 
rotor winding to the non-metallic rotor body on a non-magnetic stator against very large short 
circuit forces are likely to be great. 

3*19. Cooling of Water Wheel Generators 1 he simnlml form of cooling used 
for both suspended and umbrella type low speed water wheel gen4(Mr8 is the closed circuit 
ventilation. The machines are installed under the floor of the machine room. The water 
coolers for air are mounted at outlet openings of the stator frame as shown in Fig. 3*32. 
Circulation of air is caused by rotation of the rotor poles and by means of fans mounted on 
both sides of the rotor. 

The generators using closed circuit ventilation are usually made fire-proof. The 
arrangements to make them fire-proof consists of a system of pipes placed concentric with 
end windings in the generator. In case of fire inside the machine, water or gaseous car¬ 
bonic acid is injected inside automatically through pipes in the generator. 



3191. Direct Water Cooled Rotor Windings. Large water wheel generators 
•ue direct water cooled stator and rotor windings. A typical arrangement for direct water 
cooling of rotor windings of salient pole generators is shown in Fig. 3*33. The interpolar 
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space which is normally open to cooling air in a conventional machine, is closed to giver 
m«.*c < nppor spat - Squired by hollow field conductors) thereby given low field copper loss. 
1 |i>* mass ot w:\ter required for direct cooling is only 1/4 of that of air for atmospheric 
pressure for the same temperature rise. 



Fig. 3*33. Direct water cooling of salient pole rotor winding. 

3*20. Qpa»tii|P’uf Cooling Medium (Coolant), The quantity of cooling medium 
required to absorb losses of machines can be calculated with the help of expressions derived 
below: 

Let <?*** loss to be dissipated, kW ; 

0<—inlet temperature of cooling medium, °C ; 

0*» temperature rise of cooling medium, °C ; 

//= barometric height, mm of mercury ; 

P=pressure, N/m*. 

3 20*1. Air. Heat to be carried away**(? kW=<?X 10 # \V«*QX 10* J/s. 

I^et cp=specific heat of air at constant pressure, J/kg—-°C. 

We have, heat*? weight X specific heat X temperature rise. 

Heat per second»»weight of air in kg/s X specific heat in J/kg —°0 X temperature rise 
in °C 

Ox in* 

Weight of air= —* kg/s. 

L*»t volume of 1 kg air at N.T.P. (0°C i.e., 273 K, and 760 mm of mercury) be V m*. 

Ox 10* 

.*. Volume of air required at N.T.P. *—^— V m*/s 

At actual working conditions the temperature of air is 0<°C or (0<+273) K and the 
pressure is i? mm of mercury. Applying Kelvins’ law, we have ' 

PiVi PiVt 

ip ml ■■■ ■ i ■ ■ — 

2\ T t 

Volume of air under actual working conditions is therefore : 

Vx x^xlO*m*/* ...{3*38) 

The values for day air are : 

c,=0-2375 cal/gm- d C“995 J/kg.°C. 
gnd P-0'775 m*. 
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Substituting these values in Eqn. 3*36 


F.* 


~995T* 0 ' 7 ’ 5 * >S WT x-TT * 10 ‘ ”*/■• 


<J fc+273 760 

0 78 T*-273 -X H- m/s - 


...(3*39) 


Power required for blowing air at a rate Fa m*/s at a pressure of P N/m 8 , «PF« watt. 
Power required by fan blowing air 

X 10~» kW ...(3*40) 

V 

where i)/«*fan efficiency. 

Typical values for a.c. generators are : 

Pm 1000 to 2000 N/m* or higher for closed circuit ventilation 
8-20°C and fi ( -25°C 
ij/«0*2 to 0*4. 

3‘20*2. Hydrogen. Specific heat of hydrogen at constant pressure ~3'4 cal/gm—°C 
and 1 kg of dry gas occupies a volume of 11 *3 m* at 273 K and 760 mm of mercury. 

Proceeding as in the case of air : 


Volume of hydrogen required for Q kW loss with a temperature rise 6°C, 


F*=0*8 


6 


(ffi+273) 

273 


760 


H 


r~ m s /s 


...(3*41) 


H for hydrogen is 2000—2500 mm. 

3*20*3. Water. We have, 

Q kW»1000 Q}Jft. 

The specific heat of water is 4'IB X10* J/kg-°C and so the volume of water required 
per second for absorbing Q kW loss with a temperatare rise of 0°C, 


1000 Q _ 

r * 4*18x1000 

-2^-V. 


kg/s 


...(3*42) 


319 4. Oil. The amount of oil required per second for a dissipation of Q kW loss 
with a temperature rise of 8°C. 

• (3 - 4S » 


Example 3*12. A 60 MV A twbo-altemator\ ha*Ha-[U>tal lost of 1600 kW. Calcvlott 
the volume of air required per second and also the fan power if the temperature rise in the 
is to be limited to 30° C. The other data given is .* 

laid temperatare of air —WO t Barometric height—760 mm of mercury* 

Pressare —2 Uf/m 1 , Fan efficiency—0'4. 

Solatia*. Given i 

g-1500 kW, e<«25*C, •-30°C, H -760 mm. 

In the absence of other data we assume that specific heat of air at constant pressure 
J/kg— *C and volume at 1 far of air at N.T.P. is F*»0*775 m*. 
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Using Eqn. 3"39, volume of air 


F«=0'78x 


1500 
30 X 


25+273 

273 


760 

X 760 


=*»42'6 m 8 /s. 


From liqti. 3'40, 

J .in imw.t X 1©“» i 2, °°^.^ 42 5 X 10-*«=212 5 kW. 

73/ 0 4 

Example 313. A twho-ulternntor runs on test at a continuous rated load of 30 MV A 
t. ith a h,. v fo -'tor «./ 0 8, The following cooling air measurements are taken : 

To!um< of cooling air measured at intake *±30 m*Js» 

Intake air temperature **16°C, 

Outlet air temperature **4S*C, 

Barometric reading **750 mm of mercury. 

{ a ) Find the tffievney of the machine, taking the specific heat of air at constant 
pr*tmr< as 1000 J;k<j-°C, and the volume of 1 kg of air at (PC and a pressure of 760 mm 
mercuiy as O'7 8 to 8 . 


(ft) Calculate the amount of cooling water in litre per second to cool the air, assuming 
*h(> temperature rur oi water to be 8°C. 

Solution. («)(iivin: 

0=45— 15—30°C, 

0< = 15°C, H— 750 mm of mercury, F.—30 m*/s 
c P = 1000 J/kg—°C, F-078 m*. 

From Eqn. 3 38, volume of air 

r --%o r * J $p*T x, o 


or 


loss Q^Vt-y x fa+27* A 760 


273 x -Mr, X10“ 8 kW 


=30x 


1000 X 30 


273 


750 


Output 


(ft) Losses 


w x -i5T5n x W x,0 "- ,080kw - 

-30 X 1 0> X 08-24 X 10* kW. 

Efficiency- " 24000+1000 “ 95 * 7 % 

Q—1080 kW 


Temperature rise of water 0=8°C. 
From Fqn. 342, amount of water. 


F»* 


024$ 0-24X1080 


6 


8 


-32 4 1/a. 


Example 3*14, The losses of a 60 MW hydrogen ooeied alternator on full toad amount 
to750kW. The flow of hydrogen from the coolers is 10 mfe at 2000 mm of mercury gauge 
pressure above atmosphere, which is 760 mm. The temperature of hydrogen having the eoolere 
is 25°C. Determine the temperature rise of hydrogen assuming specific heat qf hydrogen at 
constant pressure to be 12540 Jfkg—°C and weight of 11 ‘2 to 8 of hydrogen at (PC and 700 mm of 
mercury to be 1 kg. 

Solution. Hydrogen enters the machine after leaving the coolers 
.*. Volume of hydrogen entering the machine 

—volume of hydrogen leaving the coolers—10 m*/s 
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Eqn. 3‘38, has been derived for air but in fact it is i genera! equation 
applicable to any gaseous cooling medium with relevant quantities substituted. 
Volume of hydrogen 


which ii 


„ QV 0<+?73 760 wIrt , „ 

y Has -X- x --x -sr- X 10* m»/s. 


CpO 


H 


Temperature rise 


QV 


8H-273 760 


c p Vh 

750X11 2 


273 * H 

25-1-273 
’ ^ X 


x 10* 
760 


12540X10 ~ 273 ~ 2760 

Example 3‘15. The total losses in a 40 MV A transformer 
cooling the transformer is circulated by a pump. 

The oil after taking up heat from the. tranformer 
tank goes to the radiators where it is cooled by cir¬ 
culation of water {Fig. 3'34). Calculate the amount 
of oil which is raised by 20*C »n its passage through 
the tank. Also calculate the amount of water 
required for cooling oil in radiators. The rise in 
temperature of cooling water is MFC. Assume that 
20 percent of losses are dissipated by tank walls. 

Solution. 

Amount of oil : 

Heat taken up by oil=0'8 \ 200= 160 kW 
Q=I60 kWandO^O’C 

From Eqn. 3*43, oil required 
0 24X160 


X 10»-20°C. 
are 200 kW. 


The oil foi 



04X20 

—4 8 1/s (assuming Cj»—04) 

Amount of water : Q—160 kW, 0= 10 c C 
From Eqn. 3*42, water required 

„ 024X160 

v “ -To 


Hg. 3*34. Oil forced water cooled 
transformer. 


*384 1/s. 


Example 3*16. A 15 MV A transformer has an iron loss of 80 kW and a copper loss oj 
120 kW at full load. The tank dimensoons are 3 5x 3 0x 1'4 metre. The transformer oil u 
cooled by o litre of water per second passed through a cooling coil. Estimate the average tern 
perature rise of the tank if the difference of temperature of water at the inlet and the outlet u 
15*C. The specific loes dissipation from tank walls is 10 W/m t —°C. 

Solatia* 

Total losses-120 +80-200 kW. 

Out of this loss of 200 kW, some loss is dissipated by tank walls and the rest is takei 

up by circulating water. 

Rise in temperature of water—15°C 

Amount of water per second F»—3 litre. 

„ _ 0*24 Q 

From Eqn. 3’42, amount of water Fi»— - y* 

or heat taken away by water 187 5 kW. 
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The rest of the loss is to be dissipated by tank walls. 
Loss dissipated by walls=200—187*5=12*5 kW. 


Area of tank walls (neglecting top and bottom surfaces) 
5=2 x 3*5(3+1*14) =30*8 m*. 

From Eqn. 3*20, temperature rise of tank 

Q_ 12 5X100 
Sh~ 30*8X10 


40*6° C. 


Example 317. A 500 MW direct water cooled turbo-alternator has a stator copper 
toss of 800 kW. The t cater inlet temperature i* 38°C and the outlet temperature is 68 V C. 
‘Catenate amount of water required per second. Also calculate the area of water duct in each 
subconductor if there are 48 elots with 2 conductors per slot and each conductor is subdivided into 
32 sub-conductors. The velocity is not to exceed l'O m/s 

The pumping pressure is 300 IcN/m*, calculate the power of water pump if its efficiency 

is 0’0. 


Solution. Temperature rise of water 0=68—38=-30°C. 

The volume of water required 

„ _ 0*24 Q_0*24X 800 ,, .. 

V. -^- 3Q -= 64 1/S.-6 4X10 »m»/» 

Total number of stator conductors=2 X 48=96. 

Total number of subconductors =96x32. 

Volume c^water required for each sub-conductor 

9 


Area of each duct 
Pumping power 


volume/second __0*00208 X 10 8 


velocity 

300Xl0»x6*4Xl0-» 

0*6 


I 


m*—2 mm* 


‘*=3*2 kW. 


TEMPERATURE RISE—TIME CURVES 


3*21. Theory of Solid Body Heating. The temperature of a machine rises'when it 
is run under steady load conditions starting from cold conditions. The temperature at first 
increases at a rate determined by power wasted. As the temperature rises, the active parts of 
the machine dissipate heat partly by conduction, partly by radiation, and in most cases, 
largely by means of air cooling. The higher the temperature rise, the greater would be the 
effect of these methods of cooling. Therefore, as the temperature rises, its rate of increase 
falls off owing to better heat dissipating conditions. As shown later, the temperature-time 
curve is exponential in nature. 


The temperature of aiiy part of a machine, not only depends on the heat produced in 
itself but also on heat produced in other parts. This is because there is always a heat flow 
from one part to another; for example, the heat produced in the part of the winding 
embedded in the slot flows partially through the insulation to the laminations 
' partially to the end windings. Thus the end windings have to transfer to the air, not 
only the heat produced in them but. also a part of the heat produced in the slot portion of the 
winding. 

Electrical machines are riot homogeneous bodies. Their parts are made up of different 
materials like copper, iron and insulation. These materials have different thermal resistivities 
and due to this, it is rather difficult to calculate the temperature of a part of a machine. 
However, it is worthwhile taking theory of heating of homogeneous bodies as the basis for 
analysing the process of machine heating. Toe results obtained from such a theory are 
applicable to a certain degree, to the different parts of machine as a whole. 
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Let Q*= power loss or heat developed, J/s, or W ; 

G"‘weight of active parte of machine, kg ; 

^•■specific heat, J/kg~ °C ; 

cooling surface, m* ; 

A=specific heat dissipation, W/m*—°G ; 
c»l/A—cooling coefficient, °G - m s /\V , 

0—temperature rise at any time t, e C ; 

6n*=final steady temp; rature rise while healing, °C , 

0*=final steady temperature rise white cooling, *C ■ 
tfi«sjnitial temperature rise over ambient m n dium, °C 
heating time constant, s ; 

2%*= cooling time constant, s ; 

l=»time, s. / 

3*21*1. Heating. Considering the conditions at any time i from start, heat'energy 
developed in the bod/ during an infinitely small tin>^ dt. 

— heat energy developed per second xdt^Qdt - --(3*44) 

If during this period dt the temperature of the body rises by rf0. the heat energy stored 
in the body. 

=weight of body X specific heat X difference in temperature 

= Ghd&. • ...( 3 - 45 ) 

If in the process of heating, il.e temperature of the surface rises by 0 over the ambient 
medium, at the inslant considered, the heat energy dissipated by the body into the ambient 
medium due to radiation, conduction and convection. 


=specific heat dissipation X surface X temperature rise X time 
s=Ax£x 0 Xdt=»S A0 <ft. ...(346) 


As the heat developed in the machine is equal to the heat stored in the parts plus the 
heat dissipated, we have from Eqns. 3*44, 3*45 and 3*46, 

Qdt*=Ghdb+SXQdt ...( 3 * 47 ) 

/ <10 

dt— 7 ^-ss- ...(3*48) 


or 


Q_ _5A 
Gh Gh 


0 


Solving the differential equation 3*44, 

Gh 


t* 


8X 


log. 


VGA GA / 


hj: 


where K is the constant of integration. 

The value of K is found by applying the boundary condition, 
when 1 = 0 , we have 0 =* 8 <. 

Putting this in Eqn. 3*49, we have : 


Qh , ■ ( 


...(3*49) 


Q fix . 
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Ok 


Substituting this value of K in Eqn. 3*49, 

r jg_ 

Ok 

Q 


8k 

Ok 

*A 


*•(*-*• HMi-£‘) 


log 


SX 


-0 




...(3-50) 


SX 


■e< 


The machine reaches a final steady temperature rise 6« when t=aoo. Under this con¬ 
dition there is no further temperature rise and the rates of heat production and dissipation 
are equal. This means 

<10=0 or <?M0=O 

when the machine attains final steady temperature rise. 

From Eqn. 3*47, for 0—0m, 

Qdt*^S A 0m dt 

or 0--0/5A ...(3*51) 

~Qc/8 ...(3'52) 

Q 

in Eqn. 3*50, we have 
Ok • 

...(3 53) 


Putting 






log, 


Th. 


8X 0m- e< 

The term Qk/8X has the dimensions of time and is called the heating time constant 


J\=Oh/SX 

Putting this value of in Eqn. 3*53, 


t^Tklogt 


r®= it 

Lom-o* J 


.(3*54) 


...(3*55) 


or 


0m—0 


'c-t/h 


0m Ot 

or 0=0m (I —e~*^ r a)-f-0i« — */ r a ...(3*56) 

If the machine starts from cold conditions, 

0<=O. (No temperature rise over the ambient medium) 

0-0m(l -e~*/r h ) ...(3*57} 

Relation 3*57 is the equation of temperature rise with time. The temperature rise- 
t jmg curve is exponential in nature as shown in Fig. 3*35. 

Heating Time Constant. Consider 
Eqn. 3*57, 

0 - 6 - (1 

Putting Ts in the above expression, 
we have, 

0—0* (l—«-*)—0*632 0m. 

Thus we can define the heating time as the 
taken by the machine to attain 0*632 of its 
final steady temperature rise. The heating time 
constant of a machine is the index of time taken 
by the to attain its final steady temperature rise. 
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Considering the relationship Tk**GhjS\ we conclude that the lime constant is inversely 
proportional to A (specific hi at dissipation)- A has a large value for well ventilated machines 
and thus the value of their heating time constant is small. The value of heating time 
constant is large for poorly ventilated machines. 

Since the volume of machine and hence its weight increases in proportion to the third 
power, and the surface area in proportion to second power of its lineat dimensions, the 
heating time constant of a machine increases as first power of linear dimensions. Because of 
this large sized machines have large heating time constants. 


The heating time constant of a well-ventilated induction motor of about 20 kW rating 
may be of the order of minutes while that of large or totally enclosed machines may reach 
several hour; or even days. The heating time constant of conventional electrical machines is 
usually within the range of | to 3-4 hour. 


Final Steady Temperature Rise. Considering the expression Bm^QfSX, it is clear, 
other things being equal, the final steady temperature rise is directly proportional to the losses. 
It is al<o evident that the final steady temperature rise is inversely proportional to surface 
area and specific heat dissipation. Thus for the same loss, the machine would attain a higher 
temperature rise if its dissipating surface is small or, if its ventilation is poor. 

3*21*2. Cooling. The equation for cooling can be derived by considering Eqn. 3 47. 

Qdi-Qkto+mdt 


The solution of above equation is : 

Gh 




ax 


log.[ 


ax 


Gh Gh 


3 


e h-x 


The value of K is obtained by putting boundary conditions, 
when t—0, 0—0<. From this we have, 


or 


Ir 1 "**[<»-H &>«]+* 
r'°«*[«—ar*] 


Gh_ 

SK 


Substituting this value of K and proceeding as in the case of heating, we get. 



6=0' (i-«" ,/r *)+e<«" , ' r< 

...(3*58) 

where 

Qn^Q/SX 

...(3*59) 


=Qcfa 

...(3*60) 

and 

T.^QhjSX 

...(3*61) 


The value of X under cooling conditions is usually different from that under heating 

conditions and so the heating and cooling time constants of a machine may have different 

values. 

If a m tchine is shut down, no heat is produced and so its final steady temperature 
rise when cooling is zero or 0..~e. Urn" these conditions Eqn. 3 62 thus reduces to 

0ao6i'”*^ ...(3 62) 


It is dear from Eqn. 3 f 
in Fig. S'36. Eqn. 3*62 is aj 
is applied to machines allpwecv* 




curve is alio exponential *n nature jts jh-'vr. 
uies which are shut down while 3qn. > 5 
*ttal removal of load. 
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Cooling Time Constant. Consider the 
relation, 

8 = 6 < t~ i l T t 

Putting <=®»jPe, we have 
8=8< «-»=0*368 8<. 

Thus we can define the cooling time con¬ 
stant as the time taken by the machine for its 
temperature rise to fall to 0*368 of its initial 
value. Fig. 3 36. Cooling curve. 

As stated earlier the cooling time constant may be different from heating time constant 
for the same machine, as the ventilation conditions in the twr cates may not be ihe same. 
The cooling time constant is usually larger owing to poorer ventilation conditions when the 
machine cools. In self cooled motors the cooling time constant is about 2-* 3 times greater 
than the heating time constant because cooling conditions are worse at stand still. 

Final Steady Temperature Rice. Considering the relation 8*=0//8A, the final 
steady temperature rise when the machine is cooling is directly proportional to losses. When 
the machine is shut down, 0=0 and so the final temperature rise is zero, i.e. the machine 
finally comes to ambient temperature conditions. 

Example 318. A field coil has a heat dissipating surface of O'15 m* and a length of 
mean turn of 1 m. It dissipates loss of 150 W , the emissivity being 34 W/m *— °C. Estimate 
the final steady temparalure rise of the. coil and its lime constant if the cross section of the coil 
is 100 x 50 mm *. Specific heat of copper is 390 J / kg — °C. The space, factor is O'66. Copper 
weighs 8900 kg/m*. 

Solution. 



Volume of copper =1 X 100X50X0*56X 10~*=2*8x 10~* m*. 
Weight of copper 0=2*8 X10 ~ 8 X 8900=24*92 kg. 

Final steady temperature rise, from Eqn. 3*51, 


8m* 


Q —*50 , 

Sh 0*15X34 


*29*4°C. 


Heating time constant, from Eqn. 3*54, 

Oh _ 24*92x390 
Sh “ 0*15X34 * 


Tk : 


-1906 s. 


Example 3*19. The exciting coil of an electromagnet has a cross section of 120x50 mm * 
and a length of mean turn of O'8 m. It dissipates 150 W continuously . Its cooling surface is 
0'125 m* and specific heat dissipation is 30 W/m*—°C. Calculate the final steady temperature 
rise of the coil ttarfcee; Also calculate the hot spot temperature rise of the coil if the thermal 
resistivity of in kw et i r t y material need is 8 Om The space factor is O'86. 


Solution. 


From Eqn. 3*51, final steady temperature rise of coil surface 



150 

0*125X30 


«40*C. 


From Eqn. 3*31, effective thermal resistivity 

p,«p< (1 -fif/»*)~8(l ~0*562‘/*)-2 Q 4 
150 • 
Um * *"*120X50X10~*X0*8 

* I 
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From Eqn. 3‘23, 

temperature difference between coil surface ami hot spot 


a _?P** 31250X2X(50X1 ()-»)* 

8 8 


19'5°C 


Temperature rise of hot spot=M0 + 19 - 5=»59*5°C. 

Example 3'20. A 1000 A shunt consists of 8 strips of nickel-alloy sonnected in para¬ 
llel, each having a cross section of 25x2 mm*. The normal voltage drop is 75 mV. The aS/oy 
used has the following data : resistivity—0 4X10 * ti m, specific heat 500 Jjkg~°C, specific' 
gravity8000 kg/m*, rate of heat dissipation^ 100 W/m* —V? Determine the maximum 

temperature rise and the time taken to reach 99 per cent of maximum value. 

Solution. Suppose l is the length of each strip expressed in m. 

Area of each strip o=2 X 25 mm*=50 X 10“® m*. 


Resistance of each strip = — *= —^ =0‘008 l 

a 50X10“* 


There are 8 strips in parallel 

Resistance of shunt /?>»= — ^ ®*0’001 l 

O 

Voltage drop across shunt =/*»x 11$h— 1000 X 0 001 2—75 X !0~* (given) 
Length of each strip f=0‘075 m=75 nun. 

Volume of 0 strips=8X 75 X 50 X 10~*=0'03 X 10~* m* 

Weight of strips (l —8000 x 0'03x I0 -a =0‘24 kg. 

Total heat dissipating surface 

$=8x2(2+25) X 75 X 10“*=0'0324 m s . 

. Oh 0-24x500 

• • T,me cam,M r *' = wr = '(m24>riwi“ 37 s - 


Loss in strips Q= 1000 x 75 x 10~ 8 =75 W. 

n 57 

Maximum steady temperature rise 8n=--^“ ~7 3-f j q24 x i'00 — “23*15“C. 

Suppose t is the time required to reach 99 per cent of the final steady temperature. 
From Eqn. 3‘57, 

e=e m (i-e-*/ih) 

or e/0m=O-99=(l-e-«'* T ) or 1=170*4 s. 


Example 3'2i. The h'at dissipa'ing surface of a 7 5 kW. totally enclosed induction 
motor can be app~oximated at a cylinder of 0 6 m in <liameter and 0'9 m in length. The motor 
can be considered to be made up of a homogeneous material weighing 375 kg and having a specific 
heat of 725 J/kg—°0. The specific heat dissipation from its surface is 12 Wlm*—°C. 

Find (») the temperature rise of the machine at full load if the efficiency ie 90 per cent. 
Also find the thermal time constant of the machine and (it) the rating of the machine for ihe same 
temperature rise if the machine were screen protected with a specific heat dissipation of 
25 W/m* — C. Assume the earns value for efficiency. 

Solution. Total heat dissipating surface 

5=outer cylindrical surface+2 X end surface 

*-jtx0‘6x0*9+2x«/4x0 , 6 , =2*26 m*. 

Efficiency- out ™^i ossea or 7500Hisses 

Losses Q—833 W, 
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From Eqn. 


3*51, final study temperature rise, 




Q_^ 033 

SX '(225X12 


30-85°C. 


From Eqn. 3\54, 
Time constant 


Oh _ 375 x 72» 
SX 2 26x12 


10025 s*»2‘79 hour. 


(it) We have, for screen protected machine, 

0m'=3O*85°G, JST—2 26 m*, A=25 W/m*-°C 
.\ From Eqn. 3'51, allowable losses 

0 = =e fl ,,9A=3OB5x2-26x 25^1743 W. 


Efficiency =0"9= 


output 


output+1743 
or output**15687 W«“15'7 kW. 


Example 3 22. The temperature rise of a transformer is 25°0 after one hour and 
37 5°C after two hours of starting from cold conditions. Calculate its final steady temperature 
rise, and the heating time constant. If its temperature fills from the final Heady value to 40*0 
ini'5 hour ioh 7 n d'sc* invited, calcu'ate its cooling time constant. The ambient temperature 
is 30°C. 


Solution. 

Wh ?n Heating. Since the transformer starts from cold conditions therefore its 
temperature rise is given by Eqn. 3'57, 

e=0«(i- 

Now we have 0«*25°C at I*»l hour and 0«»37'5*G at t**2 hours. 

Putting these values in Eqn. 3‘57, 25=6«(1 —e'*l T %) ...{%) 

37"5=*0»( 1 —e~* ,T k) ...{ii) 

From (i) and (ii) 

( l-e-* /r *) -375 
(1—e~ I/r *) 25 15 

or 1 +•“*/**- 1 5 or c^/^-0‘5 

or Heating time constant I**™ 1 '44 hour. 

From (*),, 25=Ml-e- I / rk )*0.(l~O-5) 

Final steady temperature rise 0**®« 25/0*5 =*■ 50*0. 


When Cooling. Temperature rise after T5 hour, 8«»40—30*»I0°C. Since the 
transformer is disconnected its final stedy temperature rise when cooling 0»*=O. 

Initial temperature rise is 0i-=5G°C 

From Eqn. 3'62, we have, 0=0<e~‘/ T « or 10«-»50e~ 1 ' , / r « 
or cooling time constant Tt**0’$32 hour. 

Example 3'23. The initial temperature of a machine is WO. Calculate the tempera¬ 
ture of the machine after l hour if its final steady temperature rise is 80°C and the hea t in ff Urn 
constant is 2 hours. The ambient temperature is 30°C. 

Solution. Initial temperature rise 04*»4O—S0«*10*C. 

From Eqn. +56, 0=»0«{1 -<*-‘/r*)+e<e */I* 

?>•' >; ;tiie -is*: after one hour 

0~8O(i - e“ l/ *)+ 10e" 1, »-37*34*C 
Temperature of n.if+ine after one hour*"37‘54+30"«67’54*C. 
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. f Ettatple 3 24. A 400 kVA transformer has its maximum efficiency at do per iunt 
full ton i During a Short full load heat run the temperature rise after one hour and twc 
Ao«r« m weened to be 24 C and 34°C, respectively. Find the thermal time constant and 
final steady temperature nee of the transformer. 

If, by use of a fan, the cooling is improved so that rate of heat dissipation per unit 
fy™* r,w ** temperature is increased by IS per cent find the neta kVA rating 
tobnM Ar C* ^me final temperature rise as before, (6) if the allowable temperature rise is 


Solution. From Eqn. 3'57, we have temperature rise 

Now 8 “24 at <*■= 1 hour and 0*=34 at <-»2 hours 

24-Ml-e-* /r ») and 

From above, =• 0417 


or thermal time constant Ta® 1'14 hour. 

We have 24=» 6»( 1 _ e -^ A - 14 ) or 24=e m (l —0*417) 

Final steady temperature rise at full load (400 kVA), 8m=*»41 , 2°C. 

The maximum efficiency occurs at 80 per cent of full load. This means that the 
copper losses at 80 per cent full load are equal to the iron losses. 


Suppose Pc and Pi are respectively the copper losses at full load and iron losses. Since 
copper losses vary as square of the load and the iron losses are constant at all loads, we have: 

(0*8} l P,=i\ or 1563 Pi. 

Total losses at full load for an output of 400 kVA**P«+F<«*2'563 Pi. 

When s fan ia sued: 

(a) Final steady temperature rise 9 m '-Qf&h (See Eqn. 3*51) 

Allowable losses Q»0 m S A. 


Thus the allowable losses are proportional to product of allowable maximum steady 
temperature rise, surface area and specific heat dissipation. Since the final steady tempera* 
ture rise tm is the same, the surface area 8 is constant and tti'e heat dissipation per unit 
area per degree temperature rise X is increased by 15 per cent, the new allowable losses are 
1*15 times the allowable losses with 400 kVA output. 

Allowable losses ■* T15X2 563 /V=2’J#47 P« 

Allowable copper losses “2’947 Pi—Pi** 1*947 Pi 

1*1147 

—iw * W ' M0 e> 


Suppose the new output is x times 40U kVA. 

Therefore the copper losses at this output are Pc as the copper losses at 400 kVA 
an Pt. Thus we have, 

»* jp«“ 1*246 Pe ar***i'llti 


New output ■* 1'116 X 400■»446*4 kVA. 

(%%) The maximum allowable temperature rise with 400 kVA output is .41*2*0. The 
mttimmn allowable temperature rise is now raised to 50*G. The surface area is the same 
but the new heat dissipation is l’» times that with 400 kVA. 

Therefore new allowable losses 

X 1X1*15 X allowable losses with 400 kVA 
41*2 

*>1*4X 2 563 Pi«*S*577 Pi 
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Allowable copper losses *=3‘577 Pi—Pi*= 2*577 Pi. 

2 577 i ice n 
“ 1563 Pt 165P *‘ 

Suppose the new output is x times kVA. 

z*Pt~ 1 '65 Pe or *»■ 1*284 

New output “1*284 X 400=513 kVA 
3 21. Salient Features of Heating Jurves. 

3 211. Heating time constant 

Consider Eqn. 3*57, 8=0m {l—t~ i l T h) 

putting i**Tk, we get 0=O*G32 0 m t**2Tk, 8*0*865 8m 

t=3T*, 0=0*950 0* t=4Ta, 0=0*982 8» 

From above it is clear that the machine attains practically its final temperature rise 
after a time interval equal to four times its heating time constant. 

2. Differentiating Eqn. 3 57, we have 
d8 _ 6 

dt Tk 


At 



8 m 

Tk 


...(3*63) 


From above it is clear that if the initial rate of change of temperature is maintained* 
the machine would reach its final steady temperature rise in a time equal to its heating time 
constant. This furnishes another definition for heating time constant as: the time taken 
by the machine to reach its final steady temperature rise if the initial rate of change of 
temperature rise is maintained (see Fig. 3*35). 

3 21*2. Relation between d6/dt and 8 and Estimation of Heating Time Constant. 


Differentiating Eqn. 3*57, we have : 


dt Tk 


but according to the same equation : 


-‘/ r * 8 m -8 



d8 ^ Jim 8m—8 ^ ~ 8 

dt Tk’ 9m ' Tk 


or 



Eqn. 3*64 is the basic relationship for the 
graphical determination of heating time constant. 
Consider now a triangle ABC in Fig. 3*37 where AC 
is a part of the tangent to the healing curve at some 
point A corresponding to time i aiul temperature 
rise 6. 


For this triangle jBC=- « • % ■ ■ . 

tan Z.BCA 

but AJ?=0»~8 and {.BCA^LCAD. 

A.CAD represents the slope of the tangent to 
the curve at point A. Thus the tangent of this angle 
is derivative of function at the given point, 

tan /.CAD^di/dt 
From above, as JLCAD*=J_BCA, 
tan £.BCA-d9jdt 


...(3*64) 



Fig. 3 37. Determination of beating 
Hme constant. 
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Of 


JBC> 


e*-e 

*dB/di 


<3G5’ 


From the comparison of relationships 3*64 ami 3 65, it follows that, 

BC-Tx 


...{366) 

Thus the heating time constant Tx may be determined as the sub-tangent BC 
-subtended by a tangent to the heating curve at any point on a straight line BCE of the 
final steady temperature rise. 

3-21-3. Determination of Final Steady Temperature Rise. We have, fiom 
Eqn. 3 64, 

a • m dB 
Bm-e^Txjf- 

For small increments, A 6/ A* can be subsituted for dB/dt in the above expression 
or Bm-O^Tx (A®/AO 

Taking Af=a constant, 

we have. 0»-6*=iCxAfl where K^Th/&t=* constant. 

Thus the difference ®»—fl for At**constant, is a linear function of temperature 

increment A®- 

The above conclusion leads to the following method for determination of H m . 

Consider any section BP on the heating curve shown in Fig. 3*38. Divide the section 
into equal intervals. 

Atj-Ats-Al.-.-Ah 



Fig. 3*38. Determination of maximum steady temperature rise from short heat run. 

Find the corresponding temperature increments A®i, A®*, A&3. .....etc. Plot the 

increments of A® obtained for corresponding temperature difference values (0»—8»), 

(flb-l,).... ..etc., parallel to X and to the left of coordinates. Draw a line through the 

points J, K, L, M of the plotted increments A ®i, A6*, A6*.etc. This Une intersects Y 

axis at Q. The value of 6 m is igven by OQ. 

Example 3*25. The field coilt of a d.c. machine are exc'ted with 2 6 A at 230 V. The 
weight of Copper in the coile is 60 kg. Estimate the rate at which the temperature will begin 
Bo rite when the coils art excited from told conditions. Specific heat of copper is 390 J/kg—'C. 

SeMpn. Loss G-230 X 2*5-575 W. 

We have, 0—0u(l—«~ ,/7 a) 

46 6m e~ i/T x) 

W dt Tx 
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Rate of change of temperature rise at t=*0 is 

dd _ 6m 

dt “ T h 


But ^ see ® l * n ' 

and T*= ~jj^(see Eqn. 3*54) 

Rate of change of temperature at <=0 is : 

- Q y SX _ Q 

dt T\ S\ Oh Oh 

- 6uli» “ 0 0246 • c '>• 


Example 3'26. Measurements made from a (emperatere rite time curve of a transfor¬ 
mer in which the loss dissipated is constant, show that the rate of change of temperature rise 
is 0‘376°C per minute and O'227°0 per minute when the temperature rise is 29'PC and 46’7*C 
respectively. Find the final steady temperature rise and the heating time constant of the 
transformer. 

Solution, From Eqn. 3*64, heating time constant 


Om- 

dS/df 


Substituting the given data in the expression we have 


r 8m-29 1 _ Qm-46-7 

* 0375 0 227 


From above, 

Pinal steady temperature rise 6*=»-73'65 6 C 
and heating time constant Th*=>l 18‘8 minute's at 2 hours. 

Example 3'27. The heat run on a d.c. motor gave the following results : 

Time, minutes, 0 16 30 45 00 76 

Temperature, °C, SO 56’6 618 66 8 69 712 

Calculate the final steady temperature rise and the time constant of the machine if th* 
ambient temperature is 30°C. 

Solution. 


The temperature rise-time data is tabulated below after subtracting the ambient 
temperature from the temperature of the machine. 

Time, minutes 0 15 30 45 60 75 

Temperature rise, *C 20 26 6 31*8 35'8 39 41*2 

The temperature rise-time curve RP is plotted in Fig. 339. The time interval 
between E and P is divided in 5 equal parts i.e. At=15 minutes. From the graph, 

A6,«6-6*C A6,*p5-2 8 C A6,«-4*0*C 

A«4-3-2*G A0s*»2*2°C 

The increments A*j. A Si, AS*, AO* and ASs are dotted against the temperature 
rises 20* 26*6.31*8,35*8 39 “C respectively. These are shown as points J, K, h, M and If 
on the diagram. A straight line is drawn through these points intersecting the Praxis at Q 
(at 50 C) and therefore 6»—50°C. 


A tangent is drawn to the curve at point A intersecting the final steady t emp er a ture 
line Q^O at C. A perpendicular is drawn from A on the final steady temperature rise line 
intenecting it at B. . 

Heating time constant Tv*BCh*%\ minutes. 
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Fig. 3*39. 

3*22. Rating of Machines, The rating of machines refers to the whole of the numerical 
values of electrical and mechanical quantities with their duration and sequences as signed to 
the machines by the manufactures and stated on the rating plate, the machine complying with 
the specified condition*. The duration of the sequence may be indicated by the qualifying 
term. 

The assignment of the rating is to be made by the manufacturer to specify the* capo* 
bilities of the machine. Irrespective of whether the machine carries an indication of the 
duty type, it shall carry a plate giving the values of quantities assigned to it by the machine 
manufacturer. In addition, since electrical machines have a time rate of temperature-rise 
and since the rise of temperature is limited according to standards, a qualifying term may 
be u*qd with the term rating to give the duration for which the machine may be run at the 
assigned values while complying with the standards. Where a machine is manufactured for 
general purposes, it is capable of supplying its power rating indefinitely and the qualifying 
term signifies this. Where a machine is manufactured with the intention that it may be 
used to supply varying loads or loads including periods of no-load or where the machine may 
be in a state of rest and de-energized, the qualifying term will signify this. 

3*23. Selection of Motor Power Ratings. The selection of power ratings of 
motors for electric drives is a matter of economic and operational interest in any industry. 
This is because the proper selection of motor has a predominant effect on both capital 
and running costs of electric drives. A motor of insufficient capacity does not operate the 
drive satisfactorily on account of low output and efficiency. Since the motor is overloaded, it 
has a shorter life span and also a possibility of burn out on account of execessive temperature 
rise. 

jOn the other hand if a motor of higher power rating is used, the motor is underutili¬ 
sed and therefore the economic efficiency of the installation is reduced and the drive becomes 
expensive and has large energy losses. Over motoring (using a motor of higher rating 
than is required by load) leads to higher capital costs and increased losses because of lower 
efficiency at reduced braid. In a.c. drives, motors working at reduced loads lead to poor power 
fyefor Ifadinf to uneconomic loading of supply circuits and apparatus 
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la order to select the motor power rating properly, it is not only necessary to know 
the lonrl undor steady state conditions but also the loads that are met with under transient 
conditions. For this purpose use is made of Load Diagram! (Time sc<|oeace graphs) 
which show the variation of motor torque, power and load current as function of time. 

The motors selected according to a given load diagram, should be fully loaded and in 
no rase t'^b (*'-uj>or iture rise exceed the maximum perm : ssible as specified by the 
manufacture^. Jr adcl.’*<on, the incurs selected should operate properly during periods of , 
overload and possess sufiinent starting torque to accelerate the driven load up to the desired 
speed within th^ required time. 

In most of the situations, motors are selected on the basis of their heating since tem¬ 
perature rise of the motor is the prime factor in determining its life. The capacity of the 
motor is then checked for overload capacity. Motor power capacity is selected in accor¬ 
dance with the work the motor is desired to perform simultaneously ensuring that the motor 
will operate with permissible limits of mechanical loading. 

Since the motors operate under diverse operating (loading) conditions, it is pertinent 
here to define the Rating of a motor. The Rating of a motor is the power output or the 
designated operating power limit based upon certain definite conditions assigned to it by 
the mannf>rturer. An electrical motor is normally rated upon thermal basis of temperature 
rise i.r m• it! mum possible temperature at which the insulating materials may be operated 
without deterioration. The types of ratings are defined for electric motors depending upon 
the load and duration. 

In majority of industrial and other applications, motors carry constant load continu¬ 
ously. However, in meny eases the motor operation is often stopped before the machine 
readies its final steady temperature rise, or the load is reduced and the temperature is lowered 
on account of reduced losses. 

3 24. Types of Dntiea and Ratings. 

The following are the types of duty as per IS : 4722-1968 “Specification for Rotating 
Electric Machinery,’ ’ 

(*) Si : co ntinuous duty (ii) S, : short time duty 

(tit) S, : Intermittent periodic duty 
(iv) S 4 : Intermittent pi.'.iodic duty with starting 
(t>) S 8 : Intermittent periodic duty with starting and braking 
(»>*) S. : Continuous duty with intermittent periodic loading 
(wi) S, : Continuous duty with starting and braking 
(viii) S, ; Continuous duty with periodic speed changes. 

3-24 1. Continuous Doty (Duty Type S*). On this duty the duration of load is 
for a sufficiently long time such that all the parts of the motor attain thermal equilibrium 
i.r the motor attains its maximum final steady temerature rise. F.**mpW of drives with 
continuous duty are continuously running fans, pumps and other equipment which opv wtt 
for several hours ind even days at a time. The simplified load diag ra m for this duty is a 
horizontal straight line as shown in Fig. 3'40. The continuous rating of a motor may be 
defined as the load that may be carried by the machine for an indefinite time without the 
temperature rise of any part exceeding the maximum permissible value. 

3 24 2. Short Time Duty (Duty Type S*); Ilia motor oper at es at a constant load 
for some specified time which is then followed by a period of rest. The period for load is so 
short that the machine cannot reach its thermal equilibrium i.s. steady temperature rise while 
the period for rest is so long that the motor temperature drops to the anmient temperature. 
Railway turntable, navigatirn lock gates am mom exampleaof the < Mw> which operate on 
short time duty. The simplified diagram for limit time duty is shown in Fig. 3*41. 
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The ahnrt time raring of a motor may be defined as its output at which it may be 
operated for a certain specified time without exceeding the maximum permissible value 
or temperature rise. The period of operation is so short that the temperature rise of the motor 
does not reach its final steady value and the period of rest is so long that the motor returns to 
cold conditions. 

Standard shirt time ratings are : 10, 30, 60 and 90 minutes. 

3'24'3. Intermittent Periodic Duty (Duty type S 5 ) : On intermittent duty the 
periods of constant load and rest with machine de-energized alternate. The load periods 
an too short to allow the motor to reach its final steady state value while periods of rest 
are also too small to allow the motor to cool down to the ambient temperature. This type of 
duty cycle is encountered in cranes, lifts and certain metal cutting machine tool drives. The 
limplified load for this type of duty is shown in Fig. 3 42. 

For the evaluation of intensity of heating due to intermittent period loads, use is made 
>f duty factor. The Duty factor (also called Load factor or Cyclic duration factor) 
is generally defined as the ratio of the heating (working) period to the period of whole 
:ycle. 

A Duty factor t= •——■*- ...(3*67) 

where (&»heating period and t«=period of rest. The duty factor is determined on the 
>asis of a cycle 10 minutes long. 

The Intermittent Rating of a motor applies to an operating condition during which 
hort time load periods alternate with periods of rest or no load without the motor reaching 
he thermal equilibrium and without the maximum temperature rising above the maximum 
termissible value. In this duty the current does not significantly affect the temperature rise. 
The duty factor for this operation is : 

"TOT -< 3 ' 68) 



TIME —•* 


; if «■ operation under rated conditions, s *, 
\0*-*unaximum temperature* *C. 

Fk. 3*40. Continuous duty. Duty type Si 


1 N 



if—operation under rated conditions, > ; 

maximum temperature attained during 
duty cycle, *C. 

Fie- 3*41. Short time duty. Duty type S,. 
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3 24 4, Intermittent Periodic Duty with Starting (Duty Type SA This type 

of duty consists of a sequence of identical duty cycles each consisting of a period of starting, , 
a period of operation at constant load and a rest period, the operating and rest periods are 
too short to obtain thermal equilibrium during one duty as shown in Fig. 3'43. 


ftCRIOO OF 
ONE WIE 


N ft 




N ^operation uttdcr rated conditions, s; Upstarting period, s ; 

^operation at rest and de-energized, s,; ^“operation under rated conditions, s ; 

6mmaximum temperature attained iZ=»at rest and de-energized, s ; 

during the duty cycle, *C 

fi r **""’aximum temperature attained dur¬ 
ing the duty cycle, °C 

Jdg. 3 42 Ictcnnit^nt periodic duty. Fig. 3*4i, Intf-mittent periodic duty with starting, *. 

Duty type >, Duty type S 4 . 

Tr this duty th*- stopping of the motor is obtained either by natural deceleration after 
disco, meet ion of tVe electric supply or by means of breaking such as mechanical brake which 
dees not cause additional heating of windings. 

The duty facto* is given, by : 

tvsr D-ftf+2* .. (3 69) 

3 - ?4 5. Intermittent Periodic Duty with Starting and Braking (Doty Type 8.), 

This type of duty consists of a sequence of identical duty cycles each consisting of a period 
of starting, a period of operation at constant load, a period of braking and a rest period. 
The operating and rest periods are too short to obtain thermal equilibrium during one duty 
cycle as shown in Fig. 3*44. |n this duty braking is rapid and is carried put jay ele?tfci4 
means. * '* ' ; 
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OUklwO AND COOUNQ Of UCTUSAL 
Hm duty factor Is: 


— *>+x+ r 

D+tf+r+B 


.( 370 ) 


9*34*8. (had— m Doty with Intermittent Periodic Doty (Duty Type 8 t ). This type 
of duty consists of a sequence of identical duty cycles each consisting of a period of operation 
at constant load and period of operation at no load. The machines with excited windings 
have normal no load voltage excitation during the load period. The operation and no load 
periods are too short to attain thermal equilibrium during one cycle as shown in Fig. 3'45. 


(371) 


The ditty factor is given by: 

N 

ir+r 



Starting time, s ; 

/“Operating under rated conditions, s ; 

/■■braking period, s; 

/^llest and de-energised period, s ; 
l»—maximum temperature attained during 
duty cycle, *C 

Fi(. 3*44. In ter mit t ent psrlodlc doty with starting 
and hnddat doty (Doty type 8,). 



If v operation under rated conditions, s ; 
V -“operation on nj load, s ; 

S»**maximum temperature attained 
during the duty cycle 

Fig. 3*43. Continuous duty with lntennltteat 
periodic duty (Duty type S,) 


Unless and otherwise specified the duty cycle is 10 minutes. The recommended duty 
factors are 15, 25,40 and 60 percent. 

3*247. Continuous Duty with Starting and Braking (Duty Type S T ). This 
type of duty consists of a sequence of identical duty cycle* each having a period of starting, 
a period of operation at constant load and a period of electric braking. There is no rest of 
(bennbed period. The load diagram is shown in Fig. 3*46, 

The duty factor far this duty cycle is 1. 
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3 24-8. Continuous Duty with Periodic Speed Changes (Doty Type S,*). This 

type of d .ity c insists ofva sequence of identical duty cycles each consisting of a period 
of operation at constant load cor responding to a determined speed of rotation, followed 
immediately by a period of operation at another load corresponding to a different speed of 
op .ation. The operating period is too short to attain thermal equilibrium during one duty 
c> Jc there !>.:iug no rest and de-encrgized period. This duty cycle is shown in Fig. 3*47. 

The various duty factors are : 


_ D+Ny _ 

D+Nt-hl'i+Ni+Ft+N, 


...(3*72) 


Fy -f-iVa _ 


...(3 73) 


F a +N, 


...(3*74) 


PERIOD OF ONE CYCLE 

s. DfDinn nc nur rvrif 



TIME —► TIME -► 


D=starting period, s; F lt J’,==braking periods, s ; 

N ^operation under normal conditions, s ; D*= acceleration period, s ; 

period of electric braking s, ; N lt N u operation under rated condi* 

tions, s ; 

8m=maxirnum temperature attained 
during duty cycle, "C 

Fig T46. Continuous duty with starting and electric Fig. 3-47. Continuous duty with periodic 

braking. (Duty type S,) speed changes (Duty type S,) 

3 25. Ambient Temperature and Ratings. The operating temperature of a 
motor should never exceed the maximum permissible temperature because it will result in 
deterioration and breakdown of insulation and will shorten the service life-of motors. 

In order to simplify the heating calculations, it is general practice to base the m ' y t'w 
power ratings on a standard value of temperature say 35°C. Accordingly, the power given 
on the name plate of a motor corresponds to the power which thd motor is Capable of 
delivering without overheating at an ambient temperature of 3 . # C. At an anibient mm* 
perature considerably below 35°C, the motor can safely deliver a Some what higher out* 
put than its rating because there is a greater difference between the ambient t emp er atu re 
and the maximum allowable temperature of insulation , used, in, .the motor. 
Similarly at ambient temperatures greater than 35°C, the bad on the motor 
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should be smaller than that indicated on its name plate unless of course special measures 
are taken to improve the cooling to bring down the temperature rise. 

The duty cycle is closely related to temperature and is generelly taken to 
include the enviromental factors also. A 100 IcVA machine (intermittent rating.) might be 
converted to a 200 kVA machine if continuously operated at North pole with an ambient 
temperature of—30°C. This is beoau»e all the heat generated would still be insufficient to 
m ike the temperaturj exc *ed the maximum allowable u ider such cold ambient conditions. 

3“I6. Overload Capacity of Motors. The rating of a machine can be determined 
from heating con iid era '.ions. However th’ rmtor so selected should be checked for its over¬ 
load capacity and stirring tor pie. This is h cau?e th’ m >tor selected pi rely on the basis 
of heating may noth; able to rrnet the m-chanicil requirements of the lo id to bs driven 
by it. Table 3.5 lists the co-efficients us:d to letrrm'tie the permissible instantaneous over* 
load torque of different electric motors. 


Table 3 5. Motor instantaneous torque overload co-efficients 


S. No. | 

Type of Motor 

Torque overload co-efficient 

1 

: 

D C. motors 

2 . \ for special types upto 3 of 4) 

2 

Squirrel cage induction motors 

2-2 5 

3 

Double cage and deep bar squirrel 
cage motors 

1.8—3 

4 

Synchronous motors 

2—2.5 (For speeial types upto 3—41 

5 

A.C. commutator motors 

2-3 


In the case of d.c. machines the maximum overload capacity is determined on the 
basis of commutation, while in the case of synchronous and induction motors it is detennined 
by maximum elcctro-magnetic torque. 

3*27. Selection of motor capacity for continnom rating. The majority of 
electric machines used in drives operate continuously at a constant or only slightly variable 
load. The selection of the motor capacity for these applications is fairly simple in case the 
approximate constant power input is known. For such applications there is no necessity to 
check the motor for the possibility of overheating or overloading during operation. Selection 
of the motor for a rating equal to the known required power input presents no difficulty 
because It is sure that this rating is the maximum permissible with respect to heating at the 
manufacturer designs and rates the motor so as to attain maximum utilization of the materials 
in it at rated output. 

Although, the losses during the starting period of a motor are greater than those undo- 
rated load on account of increased value of current drawn during starting. They (losses) 
may be neglected during starting period because starting under continuous duty conditions 
is not so frequent and also the starting time is very short, and hence the starting has 
practically no influence on motor heating. However, in certain cases it becomes necessary to 
check the motor for sufficient starting torque when it is known that the machine concerned 
has a high breakaway torque or a high inertia. 

For continuous duty at constant or slightly varying loads a motor is selected referring 
to the catalogue of standard rating motors. In case the rating listed in the catalogue it 
(lightly )esi than the required one, motor of next higher rating is selected. 

In many applications the power input required for a motor is not known beforehand 
and therefore tertam difficulties arise in such cases. The power input required for normal 
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machines with continuous load such as pumps, fans and machine cutting tools, can be 
calculated theoretically or with the help of empirical formulae and coefficients obtained 
from experimental results and data acquired over the years of using similar types of machines. 
For the determination of ratings of machines whose load characteristics have not been 
thoroughly studied, it becomes necessary to determine the load diagram (A load diagram 
portrays the variation of power output versus time). Sometimes, statistical methods are used 
to ascertain the input power requirement of a machine. 

The power requirement for continu mis duty can be calculated theoretically for only a 
relative «nnll group of machines. Typical representatives of this group are pumps and 
fans. 


The temperature of the motor changes continuously when the load is variable. On 
account of this, it becomes difficult to select the motor rating according to the heating. The 
analytical study of heating becomes highly complicated if the load diagram is irregular in 
dupe or when it has a large number of steps. Therefore, it becomes extremely difficult to 
select the motor capacity through analysis of the load diagram due to lack of accuracy of 
this method. On the other hand it is not correct to select the motor according to the lowest or 
hi ghest load because the motor would be overloaded in the first case and underloaded in the 
second case. It may look practicable to select the motor on the basis of average value of the 
load, say the average current or average power. This is also incorrect because the average 
ordinate of the load diagram does not take into account the dependence of variable losses 
upon the square of the motor current. The motor should be selected on the basis of average 
load only when the load fluctuations are comparatively small. 

In case the fluctuations in the load are considerable, any motor selected on the basis 
of average power load will be of insufficient capacity. Therefore, the motor so selected is 
over loaded and consequently has a short service life or premature failure. 

3*27. Methods need for determination of motor rating for variable load 

drives. It is clear from the above discussion that it is necessary to use suitable methods to 
calculate the proper rating of motors for variable load drives. The four commonly used 
methods are i 

(0 method of average losses, (is) equivalent current method, 

{Hi) equivalent torque method, and (tv) equivalent power method. 

3*27' 1. Method ®f average losses. The method consists of finding average 
losses in the motor when it operates according to the given load diagram. These losses 
ate then compared with Q*m, the losses corresponding to the continuous duty of the machine 
when operated at its nominal rating. The method of average losses presupposes that when 
the motor will operate without temperature rise going above the maximum 
permissible for the particular class of insulation. 



^ SX 

...(3*75) 

and therefore 

Qn~Qa,lBX 

...(3*76) 


** SX SX 

...(3*77) 


Fig. 3*48 shows a simplified load diagram for a certain drive. The loss diagram 
(losses Q plotted versus time) of the electric motor is shown. The rating of the electric motor 
dan be found from method of successive approximations. To start with a motor is 
in accordance with the required capacity calculated by multiplying the average power lqag 




j££-torqw of tin torque at rated power and weed. 
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Fig. 3‘49. Simplification of irregular current load 
diagram by short segments of 
straight lines. 


The value of the integral may be found 
with the help of an integrator. An easier way is 
to break up the current load diagram into a serin 
of straight line geometrical figures. 


v or a triangular shaped diagram : 


Je«=Vfi/3 


For a trapezoidal diagram : 


...(381) 


...(382) 


The above method allows the equivalent 
current values to be calculated with accuracy 
sufficient lor practical puiposes. 


3 28 3. Equivalent Torque and Equivalent Power methods. It often becomes 
necessary to use torque or power load diagrams for the selection of suitable capacity of motor. 
The equivalent torque or power is found in the same manner as the equivalent current. 


The torque is directly proportional to current (assuming constant flux and constant 
power factor) and therefore the equivalent torque is : 


Tn 



+ T t 't %+T t %+.:+TnH m 
h "Ms +t s+• • ■ "H» 


...(383) 


The equation for equivalent torque follows directly from Eqn. 3‘83 as power is directly 
proportional to the torque. At constant speed or where the changes in speed are small, the 
equivalent power is given by the following relationship : 






H\ d -f /V<3 Hh • ■ • ~1 ~PnHn 


...(384) 


The equivalent current method is the most accurate out of the three methods discus* 
aed above. Tliis method may be used to determine the motor capacity for all uses except 
where it is necessary to take into account the changes in so called "constant losses” i.e. the 
iron and the mechanical losses. 


The equivalent torque method cannot be used for cases where equivalent current 
method cannot be applied. The equivalent torque method cannot be used for selection of 
motor rating for cases in which the held flux does not remain constant like d.c. series motors 
and for squirrel cage induction motors under starting and braking conditions. 

The disadvantage of the equivalent power method is that it cannot be used for motors 
whose speed varies considerably under load, especially when dealing with starting and braking 
conditions. 

Example 3 28. An induction motor has to perform the following duty cycle 


75 JcW for 10 minutes. 

No load for 5 minutes, 

45 IcW for 8 minutest 
No load for 4 minutest 

which is repeated indefinitely. Determine a suitable capacity of a continuously rated 
motor. Motors of standard ( continuous ) ratings of 45, 55, 75 kW ore avai l able. The- ratio of 
maximum torque to nominal torque should, be less than 1'8. 
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Solution. The capacity of continuously rated motor to perform the above duty cycle 
can be found by using equivalent power method. 

From Eqn. 8*81, the capacity of motor is: 

'' ?!% +Pft t +P M *s+W f* 

<l+*»+*» + *4 J 

(75)* X 10+0 X 5 + (45)* X84-0X4T* 

.-10+5+8+4- J '■ 3l81lW - 



A motor with a standard rating of 55 kW is selected. Since the induction motor is 
practically a constant speed motor, the ratio of maximum torque to nominal torque is equal 
to the ratio maximum power to nominal power. 


Tmaa _ 75 

Ttum 55 


=136 


which is less than the maximum allowable value of J ‘8. 


Example 3‘29. Determine the rated current of a transformer for the following duty 
cycle : 500 A for 3 minutes, a sharp increase 1000 A and constant at this value, for 1 minute, 
gradually decreasing for 2 minutes to 200 A and constant at this value for 2 minutes, gradually 
increasing to 500 A during 2 minutes and the repetition of the cycle. 

Solution. The load diagram is plotted in Fig- 3*50. 


The load diagram can be divided into 
rectangles and trapeziums (in this case) 
with the help of line segments. The equiva¬ 
lent current with sides I x and / a is : 

Equivalent current for the entire 

cycle it t 


I 



Fig. 3 50. 

(500)* X 34-1000* X 14-(i /3)( 1 OOP* +1000 x 200 4-200*) x 2 
34~ 14-24 2~r2 

200 a X 2 4-1 / 3 ( 2 Q 0 *-h 200 x 500 - r 500 a ) x 2l l '« 
r 34 - 14 - 24 - 24-2 J 

=537 6 A. 

Example 3*30, A motor driving a colliery winder has to deliver a load rising uniformly 
from zero to a maximum of 1500 kW in 20 s during the acceieratiru] period, 750 kW for 40 s 

during the full ipeed period-and during the deceleration period of 10 s, when the regenerative 

braking takes place the kW which is relumed to the supply falls from an initial value of 
250 to turo . 1 The interval for decking (period of rest) before the next load cycle starts is 
20 s. Estimate a suitable rating for the motor . 

' Sptutfon. The rating of a continuously rated motor 
to perform the given duty is found by using equivalent 
power method- The load diagram is shown in Fig. 3 51. 

It it divided into two triangles and a rectangle. 


From Eqn. 3*81, equivalent rating of motor 





Fig. 3-51 
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Sxattpte 3’3i. The speed and torque repaired of a d.c. motor driving a mint winder 
vary during a cycle as shown in Fig. 3'SS. Find the mean continuous rating of motor based 
upon (a) equivalent torque , ( b) equivalent power. 



Fig. 3*52 

Itlw tlM , (a) The load torque is divided into rectangles and a trapezium for finding 
the equivalent torque. 

The equivalent to rque is : _ 

_ _ M r-, (0-47 , -0 47xQl+QI«)X100,, 1 


Power 


f 1 . (0'47*—0*47X0‘1+0'1*)X 100 . 

VuoL + -S- + 

«0’36 MNm«=0'36 X10* Nm 

P-T* «-0‘36x 10*x2ux 1 W-2260 kW. 


+(-0*4)* X15 



(5) The power load diagram is 
drawn by calculating power from- product 
of torque and angular speed at every 
instant. 

For example power at 1—15 s is 
0'8X10*X2*X1 
-503 X10* W-5030 kW. 

The power load diagram is shown 
In Fig. 3*53. f 

The power load diagram is divided 
into two triangles and a tnpim. 
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3‘29. Temperature Rise with Short Time Ratings. Suppose, 

8«— final steady temperature rise with continuous rating. This may be 
assumed as maximum allowable temperature rise, 0j* r . 

5T»=heating time constant, 

Om'—final steady temperature rise that would he attained if i!,e machine 
were all ied to run for an indefinite time at its short time latirg, 
/*=tinic fi r wliicli the machine is run at its short time raru g, 

0»*=t< niperatuie rise with short time rating at I =■»/«*. 

From Eqn. 3 57, w’e can write 

0»n—0'm(l —e~ ,l 'l T » ) ...(3 15) 

In order that the insulation of the machine is not operated beyond the specified tern, 
perature limit, the temperature mo at I—Is should not exceed the final steady temperature 
rise obtaine i for continuous operation of the machine 
or 0t» should not exceed 0 m . 

Thus the maximum allowable temperature rise during short time rating is, 

Putting this value in Eqn. 3‘85, we have : 

0n» = O'm (1 —p~ / a/ 7 a ) 

0 '» 1 

Obviously 0'n> is -- -iUr K t ‘ me, 


Thus the permissible losses 

many times greater. Since-- 

1 — 1 ~ 


in the mschine'd iring short time rating can also be as 
Tf jf has a vtlae greater than unity therefore with the 


given dimensions, the output of a machine with a short rating is larger than that of machine 
with continuous rating. 


In other words, for a short time load th, a motor with a lower power rating should 
be selected so as to utilize it fully as regards its heating. 

3 30. Selection of motor capacity for short time. The ratio of losse. on short time 
duty to those corresponding to rated load on continuous duty, for the name motor temp rature 
is called the Heating Overload Ratio. 


Heating overload ratio ph—Qti\IQv,»m - .(3 86) 

where permissible losses on short time duty, 

losses at rated load on continuous duty. 

Since the steady state temperature rise is proportional to losses, the heating over¬ 
load ratio may be written as : 

p*=0»7O« ...(3*87) 

From Eqn. 3‘85, fiw/©***!/! -e~ txTh and therefore 


1 _ e —hJTh 


...(3‘88} 


If heating overload ratio is known, it is possible to determine the time the motor may 
be allowed to carry the load. The permissible time for short time rating is 


Ia*»Ta log* 


P*-i 


...(3*89) 
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The actual temperature risr-tim; curve differ? from the theoretical relationship 
especially at the beginning of the healing period. Therefore in determining the capacity of 
a motor for short time duty, it becomes necessary to select the motor for a heating time 
constant whose value is smaller greater the overload of the motor during operation. 

The Mechanical Overload Ratio is defined as : 


Pm**PihlP n oi it ...(3*90) 

where p»*«=permissible short time rating 

and p«*m“continuous rating of the motor. 

Suppose Pi are the constant losses and Pc a*o the variable losses for continuous duty 
at rated load. Therefore, we can write : 




Qth I'i f ( PihlPnom)^Pr 


Qnorn 
K -f Pm* 


Pi+r c 


JT+1 


where 


ratio of constant losses 


___ = Pi_ 

ratio of variable losses at rated load Pt 

p m wm4(K+ 1) pi, - K 


If constant losses are assumed to be zero. V 
. Pm»*4ph 

From E'jns 3‘88 and 3*93, it can he written : 


T A'+l „T'* 


...(3 91) 

...(3'92) 

...(3*93) 

..(3-94) 

...(395) 


Eqn. 3'95 makes it possible to fin 1 directly the m^ehinic.d overload ratio for a given 
loss factor K and per unit time valu * ts/Th. Knowing the mechanical overload ratio, the 
rating of machine for short time duty can be found. 

Example 3‘32, An induction motor has a final steady temperature rise of 40°C when 
running at its rated output. Calculate its half hour rating for the, same, temperature rise if the 
copper loss's at rated output are P21 times its constant losses. The heating time constant is 
99 minutes. 

Solution Let P be the rated output and xP be the it. Jf hour rating. Also let P e be 
the copper lo'ses at full load and Pi be the other con tart io.'S'-s 

Total losses at full load—P«+P» 


and total losses with short time rating«x' / Pc+P%- 

Specific heat dissipation and surface remaining the tame the temperature rise is 
proportional to the losses. Suppose 8m** is the final steady temperature rise with short 
time ratine. 


0*' x*Pe+Pi 1-25* 2 b 
6* “ Pc+Pi 2 25 


as P«=*r25 Pt. 


The temperature ri*e after | hour of operation at short t ime rating should not exceed 
6m«* 40*C. From Eqn. 3'85 


(1-e 

-1 

.40*6«[l-e^ /2 ] or 


6«*» i4rrc* 
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We have : 


1 25x*+ 1 141*1 

2 25 “ 40 


or ar—2'36. 

Thus hour rating of the machine is 2'36 times its contit uotis rating. 

Example 3 33. During a temperature rite test at full load <m a 100 kVA tiansfotmei, 
temperatures recorded wet e 60°C after one hovr and 72°C after two hours. Find the time for 
which the transformer may safely be loaded to : 00 IcVA. Ambient temperature is 40%' and Jull 
load copper loss (at 100 kVA) is twice the iron loss. 

Solution. Tempf-rature rise after one hour=60—40=20°C. 

Temperature rise after two hours■*72™40<=*32*C. 

We have 6—8m (l—e~~^ Th ) 

or 20=Mi~e~ 1/r * ...«) 

and 32=0m=(l-«- 2/7 '*) ...(is) 

From (i) and (s't) we get: 

6m=50°C and T*=1‘96 hours. 

Short time rating. The short time rating of the transformer is 2 times its con¬ 
tinuous rating. Therefore, the full load copper loss with short time rating is 4 times the 
copper loss with continuous rating. Suppose 9m' is the maximum steady temp* rature rise 
with short time rating. 

®"1 loss with short time rating ^ 4P»+Pt _ 9P< ^ 

6m ~ loss with continuous rating P»+P< SPi 
or flm'*30m=3x5O-=15O°C. 


Now suppose the machine is allowed to run for t«s time on its short time rat ini*. 'Ibis 
time fijk is such that the temperature does not exceed 8«=50°C 

We can thus write, 50*= 150(1— e - *^ 1 96 ) 

.*. Time for short time rating t*=0 795 h<-ur. 

Example 3 34. If one hour ratin-j of e machine is 4 3 times the continuous rating , 
and if steady temperature rise for one hour ratin'; is twice that on normal load. Find the ratio 
of iron to copper loss at full load. 

Solution. L»t one hour rating of transformer be x times its continuous rating. 

Losses with continuous rating=P«+P<- 
Losses with short time rating*=**Pe+Pi. 

Let 0m and 6m' be the final steady temperature rues with continues a» d 1 1 * ur rating 
respectively 

®ml Pt+x'Pt 

6m “ Pi+P. 

=2 and x= 4 3 


2 = 


P<+3P. 

Pi+P. 


or Pr»P«. 


Thus iron losses are equal to full load copper loss for continuous rating. 

„ Example 3*35, Half hour rating of a motor is 37 5 hW. The heating time aosutaat 
i» 90 mimtes. find the heating and mechanical overload ratios and from there find the com 
tiuwme rating of the motor. The maximum efficiency of the motor occurs at 70% fall toad. 
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Solution. From Eqn. 3‘88, heating overload ratio 

1 1 

Pk - 1 -e-WfjT 5 

Maximum efficien y occurs at 70% full load. 

Constant losses P«—(0 - 7)*P»«»0'49 Pc 
where P e =» copper loss at full load 

Now, K^Pi/Pt—0 49 

From Eqn. 3‘93 mechanical overload ratio 

pm—if K + l) ph — K 

"V"53—049-218 
Continuous rating of motor 

Pncn r=— =-pf|—17-2 kW. 

pm 2 18 


Example 3 36. A 500 kVA transformer has a total loss of 7 5 kW at full load. The 
rate of heat dissipation from tank walls is 300 W/C° rise and the heat energy required to raise 
its temperature by l°C is 0 45 kWh, calculate (i) the final steady temperature rise and thermal 
time constant of transformer . (n) half hour rating of the transformer to give the same tem¬ 
perature rise as in (i) if the copper loss at full load (500 kVA) is twice the iron lose. 

Solution. It is given that 

5A=300 W/°C ; Gh ~450 Wh and $=7500 W. 


(t) Final steady temperature rive 


n _ Q 7500 

8k ~ 300 


-25°C. 




Heating time constant 


7’*= 


Gh_ _450 
8k - 300 ' 


»1*5 hour. 


or 


(ii) Fi ul steady temperature rise with short time rdting 

0 "^M1—* r881 ° G 
Let the J hour rating be a? times continuous rating. 


But 


Loss with half hour rating % m ’ 
Loss with continuous rating “ 6U 

s*P,+Pi 88'2 
P.+Pi ~ 25 

P«-2P< 

2**+1 88'3 


25 


or *—2*19. 


Half hour rating of transformer—2‘ 19 X 500—1095 kVA. 


3-31. Temperature Rise of Machines with Int rmittent Short Time 

-- * machine starts its intermittent short ifcae operation from cold state (temperature 

rise-0). Let the operating tune of the machine (when it is being heated) be fe aud lfce 
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P au ** time (when it is being cooled) be {«. The temperature rise of the machine during the 
"”t operation will be given by Eqn. 3'57. When the pause period starts, the machine cools 
and the cooling takes place according to the Eqn. 3 58. During tho second and subsequent 



Fig. 3 54. intermittent short time'rating. 

cycles, the heating takes place according to Eqn. 3*56 and tl.e cooling, according to 
Eqn. 3*58. Proceeding 2 s above, we get a curve for the intermittent rating. After some 
time, the above duty becomes practically uniform, and temperature rise of the machine varies 
within the range 8m and 8« as shown in Fig. 3*54. Thi< shows that after an indefinite 
number of operations, the rise in temperature after heating becomes equal to fall in tem¬ 
perature after cooling. 

ta»heating period, l*=cooling period, 

Tk **heating time constant, T«“cooling time constant, 

8m' “final steady temperature rise if the machine were allowed 
to heat indefinitely 

8m'— final steady temperature rise if the machine were allowed 
to cooling indefinitely 

8m«upper temperature rise limit, 

0«= lower temperature rise limit. 

Considering any point A, (Fig. 3*54) where the duty becomes uniform. Frcm 
Eqn. 3*55, 

Heating time between 8* and 8m, 

m i 8m'—8m 

i.—niog.-^^-j- 

Similarly, cooling time between 8m and 8 m, 

— i —8 m' 

I- - 

When tt and fk are small as compared with cooling and heating time constants, the 
slopes of rising and falling curves may be considered as uniform over the ^interval 8*— 
or in other words the heating and cooling curves may be taken as rectilinear over this 
period. ~ 

Let •'■■mean temperature rise«*(0m+0M)/2 
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e*—o') 


The dope of heating curve atfl', (by differentiating Eqn. 3*56 and putting <*0 and 


d6 0*'- 6' 


* Tk 

Temperature difference produced in time th, 
6h“9» 


.d& . dm'-tf 


Similarly the temperature difference produced in time to. 




...(.V96) 


...(3 97) 


From Eqn*. 3 96 and 3 97 

0m-0' 


th- 


0 - 0 » 


Th ' To 


__ . 0m lh/Th + Gn UlTc 

or mean temperature rise, 0 — —- 

th/ J h-rftf 1 c 


(3*98) 


Eqn. 3 96 should bi used only when the heating and cooling periods are quite small as 
compared with the corresponding thermal time constants. M 

last us consider the case of ratings of motors working intermittent periodic duty The 
curves for temperature rise with this duty are shown in Fig. 3 46. The load diagram is seen 
to consist ol regularly repeated intervals of constant load P having a constant duration. 

It is wrong .to select a motor of continuous rating P b-cause it will be under-utilized 
JLh e tL.“t ,WCi,y °l t \ m0t ° r .'Sicily selected, the maximum temperature rise does not 
reach 0 m (greater than the permissible) but tends to approach a value 0 * (which is eoual to 
maximum permissible value of temperature) after a large number of cycles. It is precise^ 
on this basis that the capacity of the motor meant for intermittent periodic duty is selected 

The temperature rise fluctuates between the limits 0* and 0,. y ieo * 

In order to find the rating of intermittent periodic duty, the following analysis is done 
Tins analysis assumes that the heating time constant Tx equals the cooling time constan t T t . 

For the heating period : 
and for cooling period : 

From above. 


0m«0m' (l— e~t»/T*)+h e-thfTx 

0*=0» e~ l '/ Tk (as Tc—Tx as assumed) 


.0m—0m'(1 — e **/^*)-f fa, e —(h+U)/Tk 
Dividing by 6« and putting p*=»6m'/0« 

we have: ‘ 1 (1 -e~WT*)+«-(!. +h)/Tx 

Thus we got, heating overhead ratio 


_ 1 j —otTx 

Pk l-«-Wn 

If Which corresponds to a short time duty, Eqn. 3*99 reduces to: 

-4-is~ 


•(3-99) 
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.... 3 55 shows the variation pk with duty factor for various values of /a/7V The 

points where the nrvcs end the pn axis, and-where «*=0, correspond to short time duty. A 
charaerenstic point is that with coordinates c*l and 1. Irrespective of the value of 
tkJT* : 11 the curves converge on this point because this point represents the continuous opera* 
tion. J is clear from Fig. 3 55 that when e>0 6, the value of p* is quite small and mechani- 
cal overload ratio is even less and therefore when the duty factor «>0 6, it is necessary to 
select the motor for a capacity rating^equivalent to continuous duty. 



Fig. 3.S3. Variation of heating overload ratio with duty factor 
for different values of t*/Z\. 


The duty factor for motors for intermit tent duty are O'15, 0*25, 0'4 and 0‘6. 

3*32. Selection of Motor Capacity for Short Time Ratings. It has been ex¬ 
plained earlier that a motor operated on a short time duty can be overloaded more than 
when operated on continuous duty. The value of overload depends upon the values of heating 
and mechanical overload ratios as calculated from Eqns. 3'88 and 3‘95 or can be found by 
referring to Fig. 3‘55. These ratios are valid for a simple single-step load diagram. However, 
in practice, the load diagram is complicated because it may involve many steps and also 
include periods of starting and braking. Equivalent torque method may be used for calcula¬ 
tion of ratings. The rating selected may be checked for mechanical overload. Equivalent 
power method may be used when there are no wide variations of speed. It is not rational 
to use general purpose motors meant for continuous duty for short time duty. The reasons 
for this are explained below : 

({) The general purpose motors are able to utilize their heating capacity fully when 
used for short time duty except in those rare cases where tk/Th has a relatively high value. 
Their h eat ; "g capacity cannot be fully utilized because of limitations imposed on heating 
and mechanical overload ratios. 

All the parts of an electric motor do not have the same heating time constant and 
this aspect needs careful examination For example, the commutator and field windings of 
a d.C. series wound motor may have a much smaller time constant as compared with that of 
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armature winding when the machine is used for continuous duty, the difference in time con 
ttar.'x is of no significance at all. However, when the machine is used for short time outy 
the commutator and the field windings heat tip much quicker and therefore limit the over 
loading thereby preventing the much higher healing capacity of the armature being utilized 
7'hus it is evident that machines used for short time duty be designed differently than fo 
continuous duty. The commutators and field windings should be designed for higher heatini 
time constants bv making them stronger and heavier in construc tion. 

Short time duty motors are designed for standard operating periods of 15, 30, or 6< 

minutes. 

3 33. Selection of Motor C* pacity for Intermittent Periodic Duty. The capa 

citv of general purposes motors when used for Intermittent Periodic Dufy can be calculate* 
fi *;n hq*i, 3 P0 or liom Fig 3 55. Tf the h>ad diagram consists of many steps, the equivalen 
lo d fa the w rking peril d should be di u rmined first. The motor is then chosen from th< 
value ol equivalent load and from permissible overload ratio. 

Special motors are designed for intermittent periodic duty due to economic reason! 
Those special motors have greater startr g torque and a higher overload capacity as com 
parcel io general purpose continuous duty motors and name plate indicates the duty facto 
k'r which the motor ha* been designed. 

The standard duty factors for intermiltmt periodic duty motors arc 0‘15, 0'25, 0‘4 anr 

ft *6. 


Fig. 3*56 shows 
torque is given by : 


an inteimittent duty load diagram with four steps. The equivalen 




The period of rest tc is not induced in Eqn. 3‘100 because it 
duty factor r.i the motor. If the design duty 
factor 


is 


...(3-100 
taken care of by th« 


i + _ 

~Ma H"l4 "H* 

■ -(3101) 

differs from the standard value, it is necessary to 
•s. h ct a motor having the higher duty factor rating 
and calculate its power capacity for the specified 
duty conditions. 

In self ventilated motors, the cooling is poorer 
under rest, starting and braking conditions as ccm- 
paud with il ose U normal operating spied. The 
duty factor is then calculated as under 

In +P(t»i*Tt») 



duty load diagram. 


...(3*102 


where f«i, 4«» and 4 ■■ period of starting, steady speed operation and brakinj 

respectively, 

a and ^“factors which take into account the poorer coding condition 
during rest and starting and braking. 

When the duty factor is greater than O'6, motors designed for continuous duty am 
used while if duty factor is less than 0‘I, motors designed for short time duty are used. 

Many a times, a situation arise where it becomes neejssary to use a motor 
for a particular duty (actor to be used at a different duty factor. The equivalent power fix 
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which the motor is selected should remain the same under both the conditions. Suppose a 
motor of rating 1\ and duly factor e t is to be used at a duty factor « 2 . The new power 
rating P t for duty factor e 2 is found by equating the equivalent powers in both the cases. 

l»/a 


f>\ 


r psu i 

T ,, _r.c 1 v 7 


J L h* + («* _ 


.(3'103) 


but 


or 


'Hci 

p i , *i =s ^i ,| « 
Pt^P W Cj/lj 


and 


.(3-104) 


A more precise formula that takes into account the constant lo ses is used. This relation¬ 
ship is : 

yj (AT+1) ^ -K ...(3 105) 

where AT^ratio of constant loss< s to variable losses. 


Example 337 An in' action motor worths at full loud for 20 mit.uU -,s and al no loud for 
16 minute a. The hea'ing time constant is 2 hum s and the cooling time constant it 3 hours. If the 
final steady temp* irPurr , i*r miht continuous full load is 5fPC, find the app: orimalr mean 
temperature rise whm the machine operates indefinite 1} on its toad cycle, (liven : capper loss at 
full load— 500 W, no had loss—300 W. 

Solution. 

Total loss at full load —500+300*100 W. 

Total loss at no load =-300 W. 


As the final steady temperature rise is proportional to loss to be dissipated, 
therefore final steady temperature rise when running on no load is, 


.300 

8(0 


X50*18-7°C. 


Since tne heating and cooling periods arc quite small as compated to the respective 
thermal constants and therefore Eqn. 3 98 can be used to calculate m;an nmptrature rise. 

Mean temperature rise, 

, _6m' th/Th +ft.' tc/Te _(50 x 20/120)+(18'75 x 15 x 180) 

0 tklfrk+tc/Tc 20/120 + 15/180 

=39-58°. 


Example 3 38 A transformer has a final steady tcmperatu:c rise of 75°C at full load 
and a heating time constant of 3 hour. The copper loss at full load is twice the iron loss. Ca'cu- 
late the tempera'ure rise, of 'he transformer at the end of the following load cycle after starlin 
from cold conditions : 

full load—2 hours 
no load— 1 hour 
20 percent overload—1 hour. 


Sslutiaa. At the fi id steiJy lenp-iratura rise is propartio i U to the total loss,, final 

steady temperature rise at no load, 

loss at no load . . , „ , , 

-Tr-rr-;—v X temperature rise at full load 

loss at lull load r 


1 

2+1 


X75-25°C. 
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Final steady temperature rise at 20 per cent overload 

loss at 20 per cent overload . - „ , . 

— -- “ „ —■-X temperature rise at full load 

loss at full load 

^ 2 d - 2) !+ 1 x 75 *= 97 0 G . 

24 1 

2 hoars of full load 

We have, bm~7b u C, 0<—0°C, t —2 hour and ?'a=* 3 hour. 

From Eqn. 3 :>7, ti rnperature ri e 
after this period, 

•-0m(l ~ f * /r a) — 75( I - f -*/*) f 51-3.-V' 

=-36\V’C 3 /! 


1 hour of no load 

We have, 0«—25°C, 0»=36'5°C, 
t— 1 hour and 
Te~3 hours. 

From Eqn. 3 58 temperature rise 
after 1 hour of no load, 

e-Mi-«‘ ,/r 0+eir- ,,r ' 


.» 36-5 
jj 33 2 



Full load 
2 Hours 


No load I Ovtrlood 


=25(i-e“ 1/3 H 36 5Xc J /*=33 2°C ' 1 " ours Timt _l|| our ' _ ^ ,hour '^ 

1 hour of overload Fig. 3 57 

0m=97°C, 0»=33’2®C, / = ! hour and Ta= 3 hour 
From T.qn. 3'56, t« mperaturo rise* after 1 hour of overload, 

0^0m(l-e-^) + 0ie-*/ J ’A 
=97( i -e-^H-33’2 X -3°C 

Temperature at the tnd of load cycle is 51'3°C. 

Example 3 39, At ansformer has a thermal time constant of 4 hours. The final steady 
temperature rise at ful load is 60°C and the copper lose at full load is 2 times (he iron 
loss. Find out the maximum and minimum temperature rises of the ti ansformer on a repeated 
cycle of 3 hours on full load and one hour at no load. 

Solution. The cy.-le < f fullload and no load is repeated indefinitely and therefore 
after *ome time the tempcraiure ris vary between limits i «. 6m (maximum) and 6o (min imum) 
as shown in Fig. 3 54 
When heat>ng t 

The transformer runs at full load and therefore its maximum steady temperature rise 
0m'— 60°C and since the heating starts with a temperature rise 0«-0, and ends at 6» we 
have 

0m -—0m' (1- e- 1/r *)+0 o e-* /r * (see Eqn. 3 56) 
or 0m^-6O (l-e-* /4 ) + e e e~*/« 

or 6m— 31 *66 —f”0*472 0# *••(•) 

When cooling : 

Losses at full load **/*«+■?<—2Pi+P»*»3J*i 

Losses at no load — Pi. 

Final steady temperature rise when cooling 

0.' = X A*' ® 4" x 60»20 e C. 

Opt o 
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The cooling starts with an initial temperature rise 0i=O» and finishes at 0=0* (with a 
final steady temperature rise 0*'—20°C.) 

0*—8»'(1 —e~ i/T ' )+0» e 
0#=2O(1—e -1/ *)+0»» « J ' 4 


(See Eqn. 3 58) 


or 

or 


From (*) and (*»), 


00=4-42 +0-779 0m. 


0»=53-4°C and 6u«46 v C. 


Example 3 40. A 250-V, d.c. shunt motor has armature, and field resistances of 0'24 Cl 
and 250 12 respectively, and takes 4 A at no load. On full load the totul input current is 70 A 
and the final steady temperature rise is 55 J C. Estimate the ova toad that can be permitted for 
1 hour period, if any such overload period is preceded by a period of atleast 2 hours during 
which the motor is shut down. The temperature rise must never exceed A5‘C. Take heating 
time constant as l hour and cooling time constant T2 hows. 

250 

Solution. Shunt field current*^ — = 1 A. 

2%)U 

Armature current at no load =--4—1—3 A. 

Aimature copper loss at no load = (3) ! X0‘25=2’25 W. 

T otal input at no ioad ==250 X 4= 1000 W. 

Constant loss =1000-2-25=997-75 W. 

=<1000 W. 

Total input at full load =250 X 70= 17500 VV. 

Armature current at full load =70—1=69 A. 

Armature copper loss at full load=(69)* >' 0’25 = 1190 W. 

Total loss at full load = 1190 + 1000=2190 W. 

Motor output at full load =17500—2190=15310 W. 

The cycle of overload for I hour and shut down for 2 hours is repeated indefinitely 
and, therefore, after some time the temperature rise varies between two fixed limits i e. 0m 
( maximum) and 0 O (minimum) as shown in Fig. 3 54. 

It is given that maximum temperature rise is not to exceed 55°C. 

.0m-=55°C. 

Suppose the maximum steady temperature rise with overload is (W 

0»=0m , (l * h )+0o c * (See Eqn. 35*6) 

55=0m' (1 —e'^J + O, e~ J/1 

0*632 0»+O'368 0„=55. ...(») 

Since the machine is shut down and, therefore, final steady temperature rise with 
cooling is 0°C. 

Hence 0o“0» *~ i l T * 

0*=55 Xe“*/ 1 ' , =10 , 4 o C. 

From (i), 0m'=81 6 C. 

a # 

Hence allowable loss at overload =— X loss at full load 
81 


or 


or 

or 


or 


55 


X2190-32S0-W. 


Allowable copper! loss at overload=3230—1000=2230 W. 
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Allowable armature current at overload2230/0*25 ■»94'4 A. 
Motor input current at nverload=94'4+1=95*4 A. 


Total motor input at overload>=250 X95'4=23850 W. 
Motor output at overload " 23850—2230—1000=20620 W. 


Percentage output at overload 


20620 

15310* 


100=135. 


There..ire, the machine can be overloaded by 35 percent. 


Example 3'4| An induction motor i* to be. uied on short time duty for u load having 
a two stepped load diagram. The load is 30 kW for 15 minutes and i0 kW for 30 minutes. 
Calculate the rating of continuous du'y motor suitable for this drive if the variable losses at full 
are twice, the constant losses and the huxtimj time is 90 minutes. Select a motor of tlandard 
rating with an overloa.* capacity of 2 5. 

Standard ratings available are : 7'5, II, 15, IS'5, 22 kW. 


Solution. 


Equivalent power /»«,=[ 

L *i-H* 


_p(30)*xl5 H20)*X30 
“15+30 


L 


1 


-23*8 kW. 


Heating power ratio p* 


K * 


V _ 1 _ _ 

1 .. e «a,'T a 
constant loss 


variable losses 


=05. 


Mechanical overload ratio 

Pm~4 {K-t\)ps—K 

238 

Hence, continuous rating of motor == pg2 e= ^ 


V(0*5+1)X2*54-0*5=1*82 


The nearest standard higher rating is 15 kW. 

The maximum load that the motor can carry is 2'5x 15=37*5 kW. 

The maximum load is 30 kW and therefore the 15 kW motor is suitable as regards 
heating as well as mechanical considerations. 


Example 3 42. An intermittent pcrit dic duty motor has to work on a three stepped 
load curve: 100 kW for 2 minutes, 70 kW for 5 minutes, and 80 kW for 3 minutes 
followed by a rest period of 20 minutes. Calculate the capacity of intermittent periodic duty 
machine, with standard duty cycle. __ The fixed losses are equal to the variable losses at full load. 
The cooling during rest is 70% as effective as during running operation. The standard duty 
cycles are O'15, 0’25, 0 4 and 0’6. 

Standard ratings available are : 37, 45, 55, 75 and 90 kW. 


Solution. Equivalent power 

p __ f(f 00 )* X 2 + ( 70 )* x 5 +( 80) 1 X 3 ~ 
P "~V - 2 + 5+3 - 

From Eqn. 3102 , 

t x +*.4-1, _ ^4-5+3 


79*8 kW. 


“■W 6 — -- I,- W+Sio-iy*) - 


The next hif * :r duty cycle is 0*6. 
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.*. Rating of a 0'6 duty cycle wifli intermitt.-nt duty motor 

yj {K f !) -*±- - K (see Kqn. 3* \0 >) 

“' 79 8^ (H-1) X - 1=--49*8 kVV. 

Therefore a motor with 55 kVV and O'G duty cv< le is < hoosen. 

^ R*p*d Heating of Con tuctorv Undrr faulty condi’ion. which list lor a 
very short duration the conductors may heat very rapid I v. A; the fuilt is cleared after a 
very small time, we can assume titat no lie.it is di-.sip.ittd to the .\utioundings. This means 
th it all th: It ‘at wliiclt is generated is stored in the conductors. 

Let 


J“length of conductor, m; 

Of=area of conductor, m*, 
p**resistivity, Q m ; 

/i*= current carried by conductor, A; 
t^time for which current is carried, s ; 
A*=specific heat of conductor material* J/kg—°C ; 
p=*density of conductor material, kg/m 3 ; 

8*»temperature rise, °C. 

Heat generated =/**p—- - t 

Oi 


Weight of conductor O—gl a, kg. 

Heat stored —dh 6—gla. X h h 

Equating (») and (it) for rapid heating, we have : 


Temperature rise 


0 « 


/.* p —t 

at 

glat h 


1**9ty ( , 
a,*gh 




•••(*») 


*..(3*106) 


Putting S=//tt* 


8 = 


S*pt 


^current density, A/m*, we have : 
°G 


...(3 107) 


Eiunple 3*43. A copper cuidwto'' of sectional area 30 mm 3 carries a current of 20 
kAfor 50 fits The, conductor data is resistivity ~0 021 x 10 b U m, spec fie heat- 418 J/kg~*C, 
and density**8900 kg/m 3 . 


Calculate the temperature rise . 

Solution. From Eqn. ?*106, temperature rise 0 


JVpl 

ga**h 


(20)*x(10 3 ) z x0'021 X 10~«X50X 10-» 
8900 x (30)* x 10 X 4 i8 


=S» I25°C. 


3 35. Calculation of Hot Spot Temperature. The internal flow of heat from 
tho parts in which it is actually generated to the cooling surfaces from which it is transferred 
to the cooling m ed i um is important in determining the hot spot temperature (which is nor* 
nutUy the temperature of conductor). This is because the insulating materials are subiected 
to the hot spot temperature. 
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The hot spot temperature rise above the ambient temperature is made up of three 
components. 

(») Temperature gradient across the slot insulation, 0(,i, 

(it) Temperature rise of cooling surface above that of cooling medium, 0». 

(ii») Temperature rise of cooling medium over ambient temperature, fl e . 

Hot spot temperature rise over ambient temperature is : 

U.=0< w + O.+0c ..(3108) 

Thus, in order to calculate the value of 6* we have to calculate its three components 
Oi*f, 0» and 0«. Because of the complex nature of heat flow in a machine it is very difficult 
to predetermine the values of temperature gradient across the slot insulation. However we, 
can estimate temperature rise of the surface with sufficient accuracy by using the relation 

Q,—Qc/a (see Eqn. 3'52) 

The surface temperature rise 6« is of little importance, the temperature of importance is 
the inside temperature of windings, 6 m. However, by keeping the'surface temperatures below 
limit, the internal temperatures are also kept low. This can be illustrated by an example. 
Let us consider the case of a machine using class B insulating materials which can withstand 
a hot sp-‘l temperature of 120°C. Suppose the maximum ambient temperature is 40°C. 
1 h rtfote, the maximum allowable temperature rise of hot spot is 120~40=80°C. From 
our experience of designing similar machines, we can know that the temperature gradient 
across the slot insulation is around 16°C and the temperature rise of cooling medium is about 
14°C. Therefore the maximum allowable temperature rise of surface over cooling medium is 

8*—80—16— 14=50°C. 

Thus by calculations (using Eqn. 3 52) we find the value of 0*. If it is below 50®C, 
the maximum allowable in this case, we can be sure that the insulating materials are not 
being vubjected to a tempera) ure beyond their maximum allowable. This means that the 
durability of insulation, on which the life of the machine depends, will be ensured. The 
designer must, however, see that sufficient ventilation is provided to allow the heat, to be 
carried away without requiring a great difference in temperature of internal portion where 
th' losses occur and the surfaces which dissipate heat to the cooling medium. 

Assuming that proper ventilation is provided so that the internal temperatures are 
not greatly in excess of the surface temperatures, it is merely necessary to see that the croling 
surface is sufficient to dissipate losses or in other words if the temperature decrement across 
the insulation is kept low, the heating conditions in the machine can be assessed by merely 
considering the surface temperature rise 0*. 

3 36. Calculation of Surface Temperature Riae. Using relation 3*52 we find 
steady temperature rise of surface, Qs—Qcf* 1 

Thus the maximum steady temperature rise can be calculated if we know the surface 
area and the cooling co-efficient c. The value of c depends upon the partHo be cooled, the 
speed of the cooling medium and the configuration of the surface. 

In view of the complexity of the aerodynamic phenomenon in the machine, the 
velocity of cooling medium over different surfaces can only be determined approximately. 
Also it is difficult to estimate directions and magnitude of heat flow. Therefore, the value 
of cooling coefficient can be known with sufficient accuracy only if experimental data is 
available Thus the application of Eqn. 3‘52 should only be made with safety and the 
results should be confirmed with experimental data. 

The values of cooling co-efficient for various types of surfaces can be taken fr» m 
Table 3*6. F is the peripheral speed in metre per second while 8 is measured in m*. 
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Table 3 6. Value of Cooling Coefficient c 


Part 

C 

V 

Remarks 

Cylindrical surface of 
stator and rotor 

0 03 to 0 05 
' 1+0! V 

1 

Relative peripheral 
speed 

Use low values for 
forced cooling 

Back of stator core 

0*025 to 0 04 

zero 


Cylindrical surface of 
d.c. armatures 

0 015 to 0 035 

1+01 V 

Armature penpltcial 
sicced 

Use lower values for large 
open machines 

Stationary field coils 

014 to 016 

1+0 1 V 

Armature peripheral 
speed 

Based on total coil surface 


00 to 0 08 

1+0 1 V 


Based on exposed coil 
surface 

s 

! 

Rotating field coil 

0 08 to o-12 

1 + 01 V 

Armature peripheral 
speed 

Based on total coil surface 


0 06 to 0 0-i 

1+0 IV ' 

;__ 


Based on exposed coil 
surface 

Ventilating ducts 

0 0* to 0 2 

V 

Air velocity in ducts 

Velocity in ducts is 10 
per cent of peripheral 
speed of core 

Commutator 

0 015 to 0 025 

1+0*« V 

Commutator peripheral 
speed 



3*36*1. Calculation of Temperature Rise of Armatures. 'I he temperature rise 
of armatures can be determined by Eqn. 3 52. In order to apply this, a knowledge of total 
heat lost, cooling surface and cooling coefficient is necessary. It is assumed that the current 
density in the conductors has been so chosen that the end connections are not appreciably 
hotter than the armature as a whole. Under these conditions, the heat to be dissipated by 
cooling surfaces of the armature core would consist of (i) the hysteresis and eddy current 
losses in armature core and teeth, (is) the PR losses in the active portion of the armature 
winding s.s., in the part of the winding embedded in the slots. These losses are ecuai v 

{2LfLmt)Pe. 

where P.=— total copper losses in the armature winding, 

X""gross length of machine core, 

Lm **length of mean turn of an armature coil. 

The total armature cooling surface may be composed of the following: 

(i) the outside cylindrical surface of armature, 

(is) the inside cylindrical surfaces of armature, 

(iii) the two end surfaces of armature, 

(if) one surface of each duct. 

Referring to Fig. 3*58. 
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Outside e\ lindr ic;; % 1 uirface of armature So~*DoL 

...(3-.08) 

and let its cooling co-efficient be r a 

Loss dissipated/°C rise of i< n-peminrc**fi/e watt (for 8*1) 

or loss dissipaie'1/°C from < utwc’e cylindrical surface cf 
armature —AVro. 

Similarly loss ilis<-ipate<l/°C from incide cylindrical 
surface of .»rmauuc'=/>'</ci 

where iS<=inside cylindrical surface of armature *ltDJj 



Fig. 358. Armature with radial 
ventilating ducts. 


«=»cooling cu*< Hicient for insirle cylindrical surface. 

The cooling surface of two en Is of armature core and radial ventilating ducts is 
(considering one surface of each radial duct) 

...(3*109) 


fli- (k/ 4) x (Do 1 - Di*)(2-f tw) 
where rw=number of ventilating ducts. 

.*. Loss dissipatod/°C from end surfaces and radial ventilating ducts 

—Sdfcd 

where Ci=cooling co-< flicimt for ducts. 

From above, total lors dissipated/ 6 C rise 

= *9o/c#+ Si/d T SifCd 
Temperature rise of armature 

_ total loss to be dissipated _ 

loss dissipated/°C rise of temperature 

_2_ 

SojCo-^ 8ija-\~ 84 /C& 


...(3-110) 


...(3-111) 


.(3112) 


The .values of various cooling co-efficients can be taken from Table 3*6. 

336 2 Calculation of Temperature Rise of Field Coils. The problem of 

c dculation of temperature rise of field coils i* complicated by the fact 
that the f inning action of rotor has an important effect on the capabi¬ 
lity of machine to dissipate heat. Moreover, the spacing between the 
p des an 1 the presence of interpoles affects the cooling conditions of 
m un poles. It is, therefore, clear that the heat dissipated from surfaces 
of field coils will depend upon the type of construction of machine, 
nature and area of surface, or whether stationary as in d.c. machines 
or u vo'ving ,ns in synchronous machines, and the heat absorbing 
properties of surrounding medium. Therefore, the pre-determination 
of temperature rise of field coils is based upon ^ empirical co-efficients 
derived from experience and experimental investigations. 

The lo 'n to be dissipated from surfaces of field ’coils are the 
Fig. 3*59. Field Coil. copper losses in the windings.There arc no iron losses in the corns of field 
coils of d.c. and synchro! ot s m;. chines as they are subjected to non-varying magnetizations. 

The calculation of tempera ui 1 e rise may be based upoti total coil surface. Considering 

Fig. 3'59» the total exposed coil surface, 

( 
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£$-—2Lmt J/+ 2 JLmt h/*= z 2Ltr.t {df-thtf . .(Wild* 

where, Z/m«=k*ngth of mean turn of held coil 

•=2(b p +df+Lj,+d;)-2 (& r +&j>)~t 4<f/. 

For coil of Fig. 3'34, we have : 

d/«*= radial depth of kid coil, 
li/=»axiai height of field coil, 

£,**length of pole core, 
fcp—width of pole core. 

Temperature rise of field cr ils can be calculated by applying Eqn. ’ Dtp cooling 
co-efficient for field coils is taken from Table 3'6. 


3'36'3. Calculation of Temperature Rise of Commutators. The temperature 
rise of a commutator depends upon many factors which cannot be incorporated hi k>r- 
mula. The peripheral speed of the surface will definitt !y haw* effect on the value of tooling 
co-efficient but the influence of high speeds on rotating cylindrical surfaces is not so great as 
may be expected. The fanning action of risers connecting the bars to the armature coils 
largely influence the temperature rise in the case of small commutators but this factor is of 
less importance where the axial length of commutators is large. 


The probable cooling co-efficient of a commutator in which no special cooling devices 
are used but for which risers have a good fanning action, is 


where 


_ 0-012 

Cc 1+0-1 v t ' 

F«=peripheral speed of commutator, m/s. 


...(3-114) 


This value of cooling co-efficient takes into consideration only the cylindrical surface 
of the commutators. The cooling co-efficients based upon some portion of riser surface in 
addition to commutator surface are given in Table 3 G. 


3*37. Measurement of Temperature Rise. The calculation of temperature rise 
of a machine is not simple due to complex heat flow through materials having different con- 
ductivities and heat transfer co-efficients. Experience is the only guide in designs. In order 
to ascertain whether sufficient provision has been made for cooling, heat runs are done during 
which temperature rises are recorded against time elapsed. 

3 38. Methods of measurement of Temperature Rise*. Three methods of 
determining the temperature rise of windings and other parts are recognized ; 

(а) Thermometer method. 

(б) Resistance method. 

(c) Embedded temperature detector method. 

3 381. Thermometer Method. In this method the temperature is determined by 
thermometers applied to the accessible surfaces of completed machine. Thermometer is 
usually applied to the surface of a machine part. Therefore, u indicates the temperature 
of the surrnce at one point only. The term thermometer also include* non-embedded thermo¬ 
couples and resistance thermometers provided they are applied to the points accessible to the 
usual bulb thermome'jrs. When bulb thermometers are employed in places where there is 
any varying or moving magnetic field, alcohol thermometers should be used in perference 
to mercury thermometers as the latter are unreliable under these conditions. 

3'38'2. Resistance Method. In this method the temperature of winding is deter* 
mined by increase in resistance of the winding. Therefore, this method involves the measure¬ 
ment of the resistance, both cold and hot, and estimating the average temperature rise by use 


•Reference IS; 4722-1968. 
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of the resistance temperature coefficient. This met hoi is used for windings only. The 
temperature rise 6”0|—Oa may be obtained from the ratio of resistance by the formula : 


*« _ 6,+235» 
R, 01+235 


..(3115) 


where 


resistance of the winding at the end of the test, 


initial resistance of winding (cold), 


0j—temperature (°C) of the winding at the end of the test, 

©i■■temperature (°C) of the winding (cold) at the moment of 
initial resistance measurement, 


0 0 *= temperature (*C) of cooling medium at the end of the test. 


For practical purposes the following alternative formula may be found convenient. 
Temperature rise 0 B =O|-'0»* , ^g^-* (235+0i)+8i~0o ...(3*116) 


In the ease of a.c. machines, resistance measurements may be made without interruption 
the test by method of superposition which consists of applying a small d.c. measuring 
current superposed upon the load current. 

3 38 3. Embedded Temperature Detectors (E.T.D,). Embedded temperature 
detectors are resistance thermometers or thermocouples built into the machine during con* 
struction at points which are Inaccessible when the machine is completed. 

At least six detectors are built into the machine, suitably distributed around the circum¬ 
ference and placed in positions along the length of the core at which highest temperatures are 
likely to occur. 


The embedded detectors are protected from contact with cooling medium when the 
machine has two coil sides per slot, the detectors are located between the insulated coil sides 
within the slot. Where there are more than two coil sides per slot, the detectors are located 
between insulated coil sides where the highest temperature is likely to occur. The embedded 
temperature detectors give the temperature of one internal point. 

The three methods described above are used for different parts or places in a machine 
and therefore do not refer to the same thing and hence do not give the same estimates of the 
bot a pot temperaturaa. In case, an embedded temperature detector can be placed, during 
the course of construction, at a point which by experience shows the highest temperature it 
will give an indication of bot apot temperature. However, in practice it becomes 
virtually impossible to place the detector at this point on account of problems of insulation 
as the detector cannot be placed too dose to the conductors (which are at a high potential). 

Through, methods for measurement of resistance of a winding in operation, it is more 
customary to make resistance (or thermometric) measurements immediately after shut down. 
Extrapolation techniques are then used for the peril d between actual shut down and start 
of temperature measurement. The temperature rise-time curve during cooling period is plotted 
and extrapolated backward to the instant of shut down by means of simple application of 
exponential curve. 

3*39, Measurement of winding temperature. Resistance or embedded tem¬ 
perature detector methods are used for measurement of temperature ef a.c. stator windings 
of: 

(») turbine type machines having a rated output of 5000 kW or kVA or more, 

(if) salient pole machines and induction machines having a rated output of 5000 
kW or kVA or more, 

(Hi) machines having a core length ot one metre or more. 



KEATINO AND COOUKO Of ELECTRICAL MACHINES 


115 


Embedded temperature detectors are preferred. 

®* W win d»ng« »nd stator windjngs of machines other than the large machines 

• . r ® r m aclmes having one co' ’ side per slot, the increase of resistance of windings 

is used for measurement of temperature. 8 

T** 1 ® t^Hnoineter method is used where neither the embedded temperature detector 
method nor the resistance method is applicable. 

is ?° st ,uited for measurement of temperature of low resis- 

. TU r ait ^ nt i^Auntfeldofadc.moioris2&2ohm at 20*C. The 
resistance oj the winding rises to 303 ohm after a heat run on the machine. Calculate the 

^Fcopper™ nttCOtl *f ihe ambient temperature is 20*C if the conductors are made 

Solution. From Eqn. 3'115 

*»- fl»+233 303 ^08+235 

Ri 01 + 235 r 252 20+235 
Temperature of field coil after heat run 0,«-72 , C. 

Temperature rise 0—72-20«»52*C. 


UNSOLVED PROBLEMS 

ifunimi’. ,T?r a is 0 5 W. This loss is dissipated through a layer of paper having a 

6 a F, "d thc temperature difference between the two sides of the paper if the thick¬ 
ness of paper is 0 5 mm and its surface area is 250 mm*. [Am. 6°C] 


i r m, ^ ^icknea of the slot insulation around the conductors in the slots of a d.c. generator is 
The outside dimensions of the two insulated coil sides (in contact with iron of the slot) are 12 5 mm 
aiL Z » *?■The total cross section of the copper in the slot is 200 mm* and the current density 
?2. A/n lT Calculate the temperature difference between copper conductors and the iron armature stampings. 
Assume thermal resistivity of insulation «= 8 A m (thermal) and electrical resistivity of copper as 002x 10~' A m. 

[Am. 16 *q 


t . . *• The thermal conductivity of assembled armature stampings is 40 times as great in t! e direction 

°s laminations as m the direction perpendicular to laminations. Calculate the loss that will L_ conducted 
acrontnelami nations in a stack 0*1 m thick and 20x 10~* m* in cross section with a difference of temperature 
or 13 C, given that a difference of temperature of 5 e C will cause 64 W to be conducted through a stack 6x 10~* 
in area and 25 mm thick measured along the laminations. [Ans. 4 W] 


A cylindrical conductor O’1 min diameter is surrounded by a coating of micanite 60 mm thick. 
The thermal resistivity of micanite is 4 A m. If the conductor has a loss of 43 watt per metre lenitth, calculate 
W temperature of conductor ( it) the temperature of outer surface of micanite. Take the dinipation from 
outer micanite surfece-12’4 W/m*-*C and ambient temperaturc-20°C. [Ans. 50’5'C, 25’C] 


, 5. TTw winding of an oil immersed transformer is 20 mm thick radially. It is wound on a former 

of negl gible thermal conductivity. The power loss in the winding in 25 W/kg, the apace factor is 0’75 and the 
usnaal resistivity of the insulating materials is 7*5 A m. Find the temperature of hot spot above that of 
winding surfree Copper weight 8900 kg/m*. [Aw. 34*C] 


6. A field coil has a length of mean turn of 0 8 m, a space factor 0*545, a current of 2*55 A at a 
terminal voltage of 55 V, and an overall cross-section of 105 x 60 nun*. Estimate the hot spot temperature 
above that of the surface of the coil. Thermal resistivity of insulating materials«8 a m (thermal). [Ans. 29*5°C] 

7. A15 MVA alternator hast foil load efficiency of 0*96 with bearing friction losses being 10 per 

cent of total losses. The cooling air enters the machine at a temperature of 22*C, with a pressure of 760 mm of 
mercury and tomes at 40°C. Calculate the volume of the inlet air circulating through the machine. If the inlet 
air temperature to reduced to 20*C and pressure raised to 765 mm of mercury, what will be change in the volume 
of inlet air, the outlet temperature remaining the same. [Aas. 26*5 m'/* ; 23*5 m'/r] 

[Hbt Subtract the friction losm from the total loams as these losses occur outside the machine.] 


t. In a doled air circuit for cooling a 60 MW alternator having an efficiency of 97%, 85 per ont 
of the loams sore carried away by the cooling air. Calculate the weight of air required in kg per minute for a 
temperature riac of 30*C when the alternator is on foil load. Th* specific heat of air at constant pressure to 
mjfo-'C. [Aas. 5150kg.] 
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9. The full load efficiency of a 100 MW hydrogen cooled turbo-alternator is 99 percent. The hydro- 
■ en enter:, the machine with a temperature of 25°C and leaves the machine with a Temperature of 55°C. Deter¬ 
mine the volume of hydrogen required if the hydrogen pressure is 1500 mm above a gauge pressure of 760 mm 
of mercury. Specific heat of hydrogen is 12600 J/kg-'C. Volume ofl kg of hydrogen at N.T.P. is 11*2 m*. 

[Ah. 11*2 m*/a] 

10. The full load losses in a 16 MVA transformer are : iron loss, 82 kW; copper loss, 134 kW. The 

tank is 3 6 m l.igh x 2*9 m longx 135 m wide and contains a cooling coil through which 200 litres of water per 
minute are passed. Assuming that the tank sides dissipate 7*5 W/m*—*C and the average temperature rise 
ol tank walls is 30" C, estimate the temperature rise of the cooling water. [Ana. 15°C1 

11. An induction motor is heated to a temperature of 60°C and is then shut down. Calculate its 

temperature at a time 20 minutes after the shut down if the cooling time constant is 60 minutes. The ambient 
tempera ure is 30 C. [Ah. 51‘5°C] 

12. During a test on a transformer the load was kept constant and the rates of change of temperature 
t isc obtained were 0 075°C per minute when temperature rise was 19“C and 0 055°C per minute when the tem¬ 
perature rise was 27 C C. Estimate the thermal time constant and the final steady temperature rise of transformer. 

[Am. 400 minute; 49 C C] 

13. A 150 kW, 250 V d.c. generator has an armature capable of dissipating 60 W/m* — "C. Calculate 

the temperature rise if the armature resistance is 0 009 ft, ; the hysteresis loss 1760 W, and the eddy current 
loss 215 W, The radiating surface of generator is 15 m*. [Ah. 58°Cj 

14. A machine run on steady full load showed the following temperature rises at the end of the speci¬ 
fied time intervals. 


[ Time, hours 

j 0*25 

mm 

10 

U 

2*0 J 

25 

30 

Temperature rise, °C 

HR! ■ 

17*0 

29*2 

38*0 

44*2 

48*7 

52 


Find graphically the final temperature rise and ihe heating time constant. If under the same ventila¬ 
tion conditions the machine were to be so loaded that the final steady temperature rise should not amend 
45 f C. what temperature rise would be obtained at the end of one hour at this loading, starting from cold. 

[Ah. 60°C, 1-5hour;21*9 # C] 

15. A transformer gave a temperature rise of 20*€ after one hour and 32*C after 2 hours on fall load. 

NVhat is the final steady temperature rise at fall load ? If the transformer Is worked on 50 per cent overload, 
how long will it take to attain the same temperature rises T The copper losses on fall load are twice the iron 
losses. [Am. 50®C; 1*5 hours] 

16. Compare the 1-hour ratings of a transformer with a unit constant of 4 hours under the fallowing 
conditions*. 

(0 iron losses are equal to copper losses at full load, 

(if) iron losses arc half of copper loam at full load. 

[Am . 2*83,2 51 timet continuous fall load ratingj, 

17. The power loss in a naturally cooled transformer is 20 kW on full load, and its rate of dissipation 
of heat is 0*4 kW/*C rise of temperature. The heat energy required to raise tempetature by 1°C is 0*8 kWh. 

Find the rise of temperature (a) two hours after switching on if the current is constant over this pedolr 
at half full load value, and (6) after a farther hour on fall load. At half load, the copper loss is equal to the 
iron loss. {Am. 12 64T, 37*3"Q 

18. A 100 kVA transformer has an efficiency of 95 per cent at 75 per cent of full load and 0*9 power 
factor, this being the msottmura efficiency at this power factor. For the purposes of cooling, the transformer 
may be considered to be 1200 kg of homogeneous material having a specific heat of 700 J[/kg—*C and a surface 
area of 10 m*. the surface emitting heat at 12 W/m*~*C. Find the thermal time constant and the full load 
temperature rise. 

If the transformer is connected to the supffty hut Is then on toad for two hours. followed immediately 
by a 25 pei cent over load, at ithit tllne must ihiiload be discon n ected so that the temperature rise does not 
exceed the full load vafae 7 [Ah. 1*94 hoifrs, 86*9*C; 2*24 boars] 
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19. A motor driving tome hiuhgecqjipmrit for a mine ha* to deliver a load which fo! ,r uvs the 
following load cycle: 

37 kW fOr 10 minutes. 

No load for 4 minutes, 

18*5 kW for 10 minutes, 

No load for 6 minutes, 

the cycle being repealed in lefi utely. Estimne a suitable size of continuously rated motor for the purpose. 

! \ns. 24 KW] 

20. A motor h 3 s a heating time constant of minutes and a cooling time const.u; ni 90 minutes 

when stationary. When run continuously on full load of 18*5 kW, the final temperature nso r? 40’C. What 
load could the motor deliver for 10 minutes if this is followed by a shut down period lorn’ enough for it to 
cool without the temperature rise exceeding 40' C ? If it is on an intermittent load of 10 minutes on load and 
followed by 15 minutes shut down, what is the maximum value of load which it could supplv during the on 
load period, without maximum temperature r>se exceeding 40‘C ? Assume losses to be proportional to square 
of load. [Ans. 52 4 kW. 26 6 kWJ 

21. An oil-cooled transformer equipped with fans and radiators attains, on full load, a temperature 

of 36'5 ,, C after 2 hour and a final steady lemperature of 70“C. If the transformer operates on full load for 30 
minutes at regular intervals, what time must be allowed between each load period if the maximum temperature 
rise is not to exceed 30" C ? Air temperature, is 20 l C. The transformer is disconnected from supply in between 
the load periods. The fans are not in operation during the interval the transformer is disconnected and the 
cooling time constant is 400 minutes under these conditions. lA«s. 29 minutes] 

22. The maximum allowable hot spot temperature in an alternmor is I20’C. Find the maximum 

allowable ambient temperature in winch this nnehine can be safely operated ,f the temperature gradient across 
the slot insulation is 18°C, the tenipiralure rise of iron ah we the temperature of coilant is 38C and the 
temperature rise of the coolant above the ambient medium is 24”C [Ans. 40“( ] 
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BASIC PRINCIPLES OF MAGNETIC CIRCUITS 


41. Basic Formulae. The path of the magnetic flux is called a magnetic circuit. 
A magnetic circuit is analogous to an electric circuit. A review of laws of magnetic circuits 
is given below. 

Let <5—magnetic flux, Wb ; 

/l=area of the magnetic path, m* ; 

/=length af magnetic path, m ; 

Influx density, Wb/m*; £f—‘at’=magnetising force, A/m ; 
total mmfi A ; 

/*=/*«■ /**=absolute permeability of the magnetic material, H/m ; 
l*t —permeability of free space «4nX 10~ T H/m ; 

#*r=relative permeability ; 5=reluctance, A/Wb ; 

A ~'Y == premeance, Wb/A. 

In an electric circuit Ohm’j law expresses a relationship between current, emf, and 
resistance; while in a magnetic circuits a similar relation exists relating flux, mmf and 
reluctance. This relation is : 


or 


Reluctance 


S 


_AT 
" S 

A 

..length ^ 


1 


1 


•••(4*1) 
-(4*2) 

area ''permeability Am --(43) 

H=’at’«= mmf per unit length»fluxX reluctance per unit length 
l l ♦IB 

__ _ — BBS 

l 




is : 


Am A M m ,,(4 ' 4) 

For the case of a material of length l, and carrying a uniform flux, the total mmf AT 


parts 

or 

where 

and 


AT^Hxl^at'xl . 3 ) 

In a series magnetic circuit, the total reluctance is the sum of reluctances of individual 


S-8 l +S,+S>+ . 

<S ■■total reluctance 

Sf ...... ■•reluctances of individual parts. 


««« 


(4’6) 
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The total mmf acting around a complete magnetic circuit is: 

The mmf AT** + S t +8 t +.J 

"‘AT^ATt+ATt . 

or AT*= $ ‘at’ . 1. ...(4 8) 

Eqns. 4'7 and 4‘8 represent the circuital law for magnetic circuits where ol„ ait, at%, 

etc., are the mtnfs p?r metre for individual part and l lt /j. l s .etc. are lengths of parts 

connected in series. 

In parallel circuits, the same mmf is applied to each of the parallel paths and the total 
flux divides between the paths in inverse proportion to their reluctances, as in corresponding 
electric circuits or 

® sa « , 1 +<l»4+,+. ...(4'9) 



fig. 41. B-r'M' curvet. 
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Dividing 


or 


or 


V” AT, t'no applied mmf 

* « *>> 4 _ «*a. , 

47' • A T AT “ r 

J..*±-fi-+-L+. 

8 A a A s 


A = A, I A 3 +. 

where tot;! rejuetrmae of magnetic circuit arid 

A'l, A’j, A’ a .etc.“reluctance of individual parts 

A —total permeances of magnetic circuit— 1/8 


while A i, A 2 , An..etc. arc permeances of individual parts. 


.. (410) 



A/m 

, Fig. 4*2. B-~.i curve for Electrical Steel (non-oriented) 
Lohyj stampings (dynamo grade). 
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_ 4*2. Magnetization Curves (B—H or B—‘at* Curves). The analogies between 
electric and magnetic circuits have cert linly a vuhi; aid: to un lerstanding of magnetic 
circuits but there are some essential differences between them : 

1. The electric current is a true flow of electrons but there is no flow of magnetic 
flux and so the term flux is misleading in this context. 

2. In an electric circuit, energy is consumed so long as the current flows while in a 
magnetic circuit, energy is expended in creating flux and not in maintaining it. 

3. The most important difference between* Iconic am) magnetic circuits arises from 
the fact that whereas the resistance of an electric circuit is not directly dependent upon the 
value of current flowing and may be regarded a-, constant for culinary purposes, the value of 
reluctance of a magnetic material is dependent upon the value of flux passing through it. 
The relative permeability of ferromagnetic materials may vary between a few hundred and 
about five hundred thousand. Consequently the mmf per metre length ‘of’ has a value that lies 
between 2 B to 2000 B. 


For this reason (No. 3 above) the actual values of permeability and reluctance are 
hardly used in magnetic circuit calculations In nr*nol practice magnetization ( B—H or 
B—'at' ) curves of magnetic materials relating flux der.Mty to mmf per unit length, II O' at 
are used for the rapid determination of '«arv < xt nation. 

4'2’l. B-'at* Carves. Fig. 4'1 shews tii i'll -//curves of commonly used magnetic 
materials Strictly, each specimen of a matemi has ,i unique B-'at’ relation, but it is a 
normal practice to use average curves as given in Figs 4 !—4'4. Figs. 4“2, 4*3 and 4'4 show 
the B—H curves of dynamo grade steel, transformer grade ste» 1 and cold rolled grain oriented 
steel respectively as supplied by Sankey Pressings Dive ion of M's Guest Keen Williams Ltd.. 


For work on digital computers, the analytic relations between B and H prove more 
convenient. Two of the roost used maihetical relationships are given below : 


and 


B* 


aH 
I +bH 


Y+mt+&,&•+." 


...(412) 


where a, b, a 0 , a u a*, b u b t are constants, Eqn. 4*11 gives reasonable and approximate values 
while Eqn. 412 is better overall fit. If alternating magnetization is used, only odd powers of 
H must be used in Eqn. 412. 

Nonmagnetic materials (like air etc.) have a constant value of permeability and so 
the curve for them is a straight line passing through the origin. 


For air or any other non-magnetic material, mmf per metre 

7 = V7io !!r =800,000 B 


...(413) 


where B is in Wb/m*. 

4 3. Magnetic Leakage. It is impossible to confine all the magnetic flux to a 
given path (there being no magnetic insulator), and therefore the designer’s problem 
becomes that of providing a path of low reluctance so that comparatively little flux 
leaks away from the path and then supplying a somewhat larger mmf to compensate 
for the flux which leak, away. This flux whiqh strays away completes its circuit by 
paths which prevent its utilization in the functioning of the apparatus or machinery. 

For the operation of electric machinery, some air gaps are necessary in the magnetic 
paths but these air gaps should be kept to a minimum of length and maximum of 
cross-section so as to reduce their reluctance. A long air gap of small cross-section would 





122 


ELECTRICAL MACHINE DESIGN 


require a large mmrrejulting in Urgj oili of many turnt and would also result in a 
mmlmcy for the fljx to wander aftrayfrum its nuin pith. This flux which strays away 
from the mam path is called the leakage flue. The leakage flu* does not contribute 
to either transfer or conversion of energy. 

._ J®*kage flux affects the performance of rotating machines and brans* 

formers. The leakage flu* affects the exeitaton demands of salient pole mvchinei, the leak¬ 
age reactance of windings on r 


which 

the performance of the a.c. machines 
is primarily based, the forces between 
windings, especially under short con¬ 
ditions, voltage regulation of a.c. 
generators and transformers, com¬ 
mutation conditions in d.c. machines, 
stray load losses, circulating currents 
in transformer tank walls and several 
other performance indices of impor¬ 
tance. 

For magnetic circuit calculations, 
a term 'lounge co-efficient’ h in¬ 
troduced in order to take into account 
the leakage flux. The value of this 
leakage co-efficient is defined as 


Leakage co-efficient, 


Cl 


useful flux-f leakage flux 
useful flux 


total flux 
useful flux 


(4 14) 
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Fig. 4‘3. B—H curve for electrical steel (non orien¬ 
ted) Grades 203 and 190, Grades 92 and 86 (cold 
rolled non oriented transformer steel) of M/s GJC.W. 

_ _ magnetic circuit calculations 

Calculation of Total Mmf. The calculation of total mmf required to 
establish the requisite flux in a magnetic circuit involves the knowledge of dimensions and 
configuration of the magnetic circuit. The magnetic circuit is split up into convenient parts 
wuch may be connected in series or parallel. The flux density is calculated in every part 
and mmf per unit length, 'at' is found by consulting * B-‘at' curves. The summation of 
mmf s in series gives the total mmf. 


The method looks quite simple but there are some parts in the magnetic circuits, 
take air gap and tapered teeth which present complex magnetic problems. These problems 
are solved with special techniques outlined below. * 

4 41 Mmf for Air Gap. 


//■■length of core, 7»*»gap length, 

]f«»slot pitch, IF**** width of slot, 

IFi-width of tooth, IF.-alot opening, 
tw**number of radial duck*, and IF<« width of each duct. 
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Fig. 4*4. B—H curve for Electrical steel (cold rolled grain oriented) Grade 123 (Grade 36 of M/i QJC.W.) 

The iron surfaces around the air gap are not smooth and so the calculation of mmf 
for the air gap by ordinary methods gives wrong results. The problem is complicated by the 
fact that • 

1. One or both of the iron surfaces around the air gap may be slotted so that the 
flux tends to concentrate on the teeth rather than distributing itself uniformly over the air 
gap. 

2. There are radial ventilating ducts in the machine for cooling purposes which effect 
in a similar manner as above. 

3. In salient pole machines, the gap dimensions are not constant over whole of the 
pole pitch. 

Consider the iron surfaces on the two sides of the air gap to be smooth as shown in 
Fig. 4‘5. The flux is uniformly spread over the entire slot pitch and goes straight across the 
air gap. 


h—*—I 


AM CAP 



Fig. 43 
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If we confine our attention to only one slot pitch, the reluctance of air gap 

ffs* — y — —~7— 

p»A fiiLyt 


(4*13). 
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In a slotted armature, however, the effective area of flux path is substantially 
decreased resulting in an increase in reluctance of air gap. Consider the case of a slotted 
armature with a very small gap length as shown in Fig. 4‘6. The flux in this case is only 
confined to the tooth width 

• effective or contracted slot pitch 

y,'=W,=y,-W. ...( 4 * 16 ) 

Reluctance of air gap of a slotted armature 

S, - 1 ±~ „ ■ ■ l ’ - ~ ...(4*17) 

Wi) 

There is, however, some fringing of flux around the teeth edges in a slotted armature. 
The flux penetrates dourn the slot as shown in Fig. 4'7. It is obvious that the reluctance of 
air gap in this case is more than that in the case of a smooth armature (Fig. 45) but lesser 
than that in the case where the whole flux is assumed to be confined over the 
tooth width (Fig. 4‘6). A simple method to calculate reluctance in this case is to assume 
that the air gap flux is uniformly distributed over the whole of slot pitch except for a. fraction 
of slot width as shown in Fig. 4*8. This fraction depends upon ratio of slot width to air 
gap length. Thus the flux of one slot pitch is distributed over JTi+8 JF#. 



Fig. 4- 7 Fig. 4-8 

Effective or contracted slot pitch 

Wt+*W, «Ifi+ TF«+8TF*— W, 

- y-d-*)W, 

...(4M8) 


where Ku is the Carter’s gap co-efficient 
which depends upon the ratio slot 
width/gap length. The value of 
Carter's coefficient can be taken 
from Fig. 4'9. An empirical formula 
which gives the value of Ket directly 
is : 

Kt,mm 1+5 1,1 W, " {4 ' 19) * 

Another useful relationship 
which cat) be used for calculation of 
Carter's co-efficient for parallel sided 
open slots is : 

r 2 r _* i 

£«»—I tan * y - 

*L » 

iogV(HV) J ...(4-201 
where y°- W,/2lg 
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Reluctance of air gap with slotted armature 

It Ig 


S,* 


...( 4 - 21 ) 


mo y* Mo ^Ayi~~KaiWt) 

Let ratio of reluctance of air gap of slotted armatuie to reluctance of air gap of smooth 
armature be if*». Therefore, from £qns. 4‘15 and 4'2!, 

y.-KuW, •■{4 22) 

where Kg» is called the gap contraction factor for slots. There lore, the reluctance of air 
gap with sloped armature is Kgt times that with smooth armature and Kti has a value greittr 
than unity. 

The provision of radial ventilating ducts results in contraction of flux in the axial 
direction as shown in Fig. 4* 10. It is dear that the effective axial length Of The machine It 
reduced owing to presence of ducts and this resuls in an increase in the reluctance of air gap. 
We can derive a similar expression for ventilating ducts by treating stacks of lamination) AS 
teeth and the ducts as slots. 

Contracted or effective axial length 

L'^L-KtinaWd ...(4*23) 

where K e <t is the Carter's co-efficient for ducts. 

Values of it erf, can be taken from Fig. 4 f J hy 
using ratio (duct width/gap length) in place of ratio 
(slot width/gap length). 

Let the ratio of reluctance of air gap with ducts 
to reluctance of air gap without ducts be A'*i, 

L-hzw< ■ f4 24 » 

Kad is called gap contraction factor for duct*. Fig 4 . 10 Effect ofrmdia , 

ventilating ducts. 

When two ventilating ducts, one on stator and the other on rotor are exactly opposite to 
each other, the Carter's co-efficient must now be* based upon ratio { ^ uc * w idth 



i gap length 


, as to an 

I Kao iciiKitt 

approximation we cm ascribe only one half gap to each duct. 

The effect of both slotting and ventilating ducts can be allowed for in a single ex* 
pression. Considering one slot pitch. 

Reluctance of air gap of a smooth armature without ducts 

^ J, _ 

"" Mo Ly, 

Reluctance of air gap of a slotted armature with ducts 


Ratio 


Mo/'V 

reluctance of slot ted arm ature with ducts 
reluctance of smooth armature without ducts 
L 
L' 

* _£ 


K.J^r 

V> 


Kg * 


y.-KctW. 

■-KaaXKgd 


L—KadndWd 


(425) 


•*(4126) 
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where Kt is the ratio of reluctance of air gap of a slotted armature with ducts to reluctance 
of air gap of a smooth armature without ducts and is called total gap contraction Hector 
for slots and ducts. 

For induction motors, with slots on both sides of air gap, it is customary to calculate 
gap contraction factors for both rotor and stator slots. 

IT,*—gap contraction factor for stator slots, 

Hwr—gap contraction factor for rotor slots, 

and total gap contraction factor for slots, 

""Ktu X Kttr. -.-(4*27) 

The expressions involving Km used above 
apply only to open parallel sided slots of great 
depth. When slots are shallow. Km is decreased. 
Also when semi-enclosed slots are used Km is 
increased since now it depends on ratio (slot 
opeuing/gap length) rather than on ratio 
(slot width/gap length). (See Fig. 4*11) 

Fig. 4*9 also shows values of Carter’s co¬ 
efficient for semi-enclo. c ed slots. Eqns. 4*18 and 
4*22 are modified for semi-enclosed slot as : 

Contracted or effective slot pitch y*'—y*— KmW 0 ...(4*28) 


Am*AP 


1 3 


-Hi- ** 
r—T 


ns 


Fig. 411 


Gap 


contraction factor Kt* 




y*—KetWo 


...(4*29) 


The reluctance of air gap with slotted armatures is higher than with smooth armatures. 
The ratio of the two reluctances is equal to K$, the gap contraction factor. In other words* 
the rnmf required for the gap with slotted armatures is JT, times the mmf required for gap 
with smooth armatures. From Eqn. 4* 11, 

Mmf per metre for air gap*=800,000 B 

Mmf required for air gap having a length U metre, with smooth armatures, 

AT,—mmf/mXlength—800,000 B l» ...(4*30) 

Mmf required for air gap, having a length It, with slotted armatures, 

47,-800,000 If, I, ...(4*31) 

Eqn. 4*31 can be written as t 

47,-800,000 K,j-1, 

where 4—flux per pole, Wb ; 

4,—actual area of air gap per pole, m‘. 

Now 47,-800,000 

-800,000 jrl, ...(432) 

where 4,*—4,/jff, ...(4*33) 

This means that there is a contraction in the air gap area and the gap area has aw 
traded to a value 4,'—4,/ff*. 
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...(4*34) 


At i 


jfflplxy.x£ M 

Ly,lL y. 


Ly, 

L'»‘ 


...(433) 


Area of gap per pole 

Af^slot per poleX slots pilch X core length 

Xy,XJD 

P w 

where 5 «• total number of slots and p«number of poles. 

Contracted or effective gap area per pole 

Aw 

Tt 

~~Xy.'x£' 

P 

The mmf required for a smooth armature is : 

A TV 800,000 B l, 

while for a slotted armature the air gap mmf is: 

AT, =800,000 Jf,2W,»800,000 B (K,l,) 

The above relation may be interpreted as that the length of air gap is increased K» 
times (instead of saying that area is reduced to 1 [K$ times as earlier) due to the provision of 
slots and ducts. Thus effective gap length 

l"~K,l, ».(4‘36) 

and therefore, K, in this case is called "gap expansion factor**. 

Effect of Saliency. In the case of salient pole machines, the length of air gap is 
not constant over the whole pole pitch. 

This gives rise to different values of air H 1 Pole pitch- 

gap density over the pole pitch. Thus to 
know the value of reluctance of the air 
gap, it is necessary to know the distri¬ 
bution of magnetic field in air gap. The 
methods for the determination of flux 
density distribution are given later in 
this chapter. 

Fig. 4‘ 12 shows a typical flux 
distribution curve for a salient pole 
machine. 

Fig. 412 (a) shows the flux tubes 
passing from field to armature. The 
equivalent electric circuit for this 
magnetic circuit is a number of resistances 
connected in parallel with each resistance 
representing a flux tube. In parallel electric 
circuits, it is sufficient to know the value 
of only one resistance and the current 
flowing through it in order that the volt¬ 
age across the circuit be known. 

Similarly by analogy, we have 
only to know the reluctance of one flux 
tube and the flux flowing through it in 
order to find the mmf requited for air gap. 

Mf" f required for air gap of a salient pole m ac h i n e 

ATV—flox in a flux tube X reluctance of flux tube. 

Let us consider a flux tube at the centre of the pole. 
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Flux in the flux tube at the centre 

—flux density X area of flux tube 
~BgX area. of flux tube. 

Reluctance of flux tube at the centre 

effective length of air gap at the centre 
(tu X area of flux tube at the centre 

__ Kglg _ 

~ 4rc X 10" 7 X area of flux tube at the centre 
A'fa—Bg X area of flux tube at the centre. 

_ Kg l, 

4« X 10“ 7 X area of flux tube at the centre 
=800,000 B,K,lg ...(4-37) 

where if,=gap contraction factor for a gap length at the centre of the 

pole. 

The flux tube at the centre of pole is chosen because its actual length is known. The 
length of the flux tube at the centre of the pole is exactly equal to the length of air gap there. 
Therefore, the value of Kg is based upon the air gap length la. 


The field form factor K; : s defined as : 


_ __ average gap density over the pole pi tch _ Baa 
maximum flux density in the gap ~ Bg 


...(4-38) 


We have 


B m 


flux per pole 4> 


<t> 


{nJJ/p)L 


area per pole t L 

Where x=pole pitcli=*L>/p 

The value of Bg can be calculated after determining the value of field form factor 
Kt. The methods determining Kj are given later in this chapter. Fig. 412 (c) shows, an 
approximate flux distribution curve for a salient pole machine. From this, 

_ ave rage flux density 

field form factor /** ma ximum flux density 

-T5&S-* •••«•*» 

The assumption Kf—i> is fairly correct for machines with normal proportions and a 
fair degree of saturation. With long air gaps the pole arc may be considered as extended 
by say, 4 lg to take account of fringing. 

Example 41. The stator of a machine has a smooth surface but its rotor has open 
type of slots with slot width W$**tooth width, Wi-12 mm. and the length of air gap i,=2 mm. 

J 

Find the effective length of air gap if the Carter's co-efficient** j+S TjW ^ ere are 110 


ducts. 

Solution. Carter’s co-efficicnt for slots 


Ke *~ 1+5X2/12 


=0545. 


Slot pitch y*= Ifi+ TFi=24 mm. 

From Eqn, 4‘12, gap contraction for slots 

_S'* _»--= 1 *37. 

y t ~KggWg 24 -0 545X12 

Since there are no ducts, gap contraction factor for ducts, £«*<■* 1. 
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From Eqn. 4'26, totnl gap contraction factor Ao A’?, x Kga— 1^7 a l=-!"37. 

Effective gap length (see Eqn. 4 36) l„*=K 9 l,*= I '37x2-=2 74 mm. 

Ezainple 4‘2. Calculate the mmj required for the air gap of a machine having core 
lengths O'32 m including 4 duett of 10 mm each, pole arc** O'19 m ; elc/t pitch** 66'4 mm ; tloi 
opening—5 mm ; air gap length^-5 mm ; flux j>er pole ^52 mWb. Given Carter's co-efficient 
it 0' 18 for openingjgap=l, and it 0’28 opening/gap = 2. 


Solution. Ratio — t -^- ni ?- 8 -.*^' 5 =l 
gap length 05 

Garter's co-efficient for slots Ifei—0"18. 

This is a salient pole machine with semi-enclosed slots. 

Gap contraction factor for slots JT*—-■ - (see Eqn. 4*29) 


Ratio 


y>—KaWt 

654 _ 

65 4-0-18X5 
duct width 1 


gap length 
Carter’s co-efficient for ducts lC*f=G"28. 


0-5 


= 1-014 


c 2. 


Gap contraction factor for ducts 

r- k*L w 7 ( s “ ^ 424 > 


032 


0-32-0 28X4x1 x10-* “ 1036 
Total gap contraction factor JT» ■*1* 014x1 '< 36 ■= 1 05. 

flux/pole 


Flux density at the centre of pole B§- 


pole arc Xcore length 
52 xI0~* 

M 1 =0-854 Wb/m». 


O’I9X0-32 


Mmf required for ar* gap AT§ *-800,000 K§ L u 1» 

=800,000 X 1 05 X 0 854 X 5 x 10~*«=3587 A. 

Example 4*3. Estimate thi effective gap area petpott of a 10 pole, tltp ring induction 
motor with following data - 


Motor bore —0*63 m, core length—0’25 tn, Ho. of Motor alott*~90 

Motor tint opening ^8 mm, rotor tiott**120 

rotor plot opening ** 8mm, air gap length—O'95 mm 

Carter't co-efficient for duett** O'68, Carter't co-efficient for tlott—0‘46 

number ofventilaling duets—3 each on rotor und ttator, 

width of each ventilating duct** 10 mm. 


iv y 

Stator slot pitch—-- ^ ——22-7 mm. 

Gap contraction factor for stator slots 

*•*—s?fer 
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Rotor diameter*0‘65—2 x 0*95—0*6481 m 

_ , . . . «X 0*6481 

Rotor alot pitch — 


120 


*0 01697 m 
1697 


Gap contraction factor for rotor ulots Kg*' -I T5T -3 — 0-46 - 1 089 
Gap contraction factor for slots Kg,^Kg U xKgtr-^*\'065x 1*089—1*16. 

Gap contraction factor for ducts msWe 

250 


• 1089. 


250— 0*68 X 3X10 

Total gap contraction factor K t *=*Kg, X K fi t— 1*16x1*089* 1 *26 

VK X Q ^ 

Actual area of air gap per pole A#* •——X 0*25*51*05 X10*** m*. 

From Eqn. 4 33, effective air gap area per pole 

A/-d f /R,«5 l‘05x 10-*/l'26-40-52 X10*** m*. 

Example 4*4. A 175 MV A, 26 pole water wheel generator has a core of length 1'72 m 
and a diameter of 6 5 m The stator slots (open) have a width of 22 mm, the slot pitch being 
64 mm and the air gap length at the centre of the pole is 30 mm. There are 41 radial ventila¬ 
ting ducts each 6 n.m wide. The total mmf per pole m 27000 A. The mmf required for the ait 
gap is 87% of the total mmf per pole. Estimate the average flux densitg in the air gap if the field 
form faster is 0 7. 

The Carter’s co-efficient can be calculated from the following relationship 


Jf**»-^-^tan _1 y —-i-Iog ef 1 +p*J 


where y— 1F»/1# for slots 

— Well If for ducts 

W», Ws are widths of slot and duct respectively and l§ it length of air gap. 

Solution. 

Ratio slot r idth h r g y^T^* 0 ' 367 - 
2(gap length) 2x30 

Carter’s co-efficient for slots 


tan_1 v —~ lo 8 V’+y 1 ] 




tan _1 0*367- 


1 


0 * 

~y. 


S 1+0 367* 


1 - 0 - 


J 


176 


-KmW. “64-0 176 X 22” 1 1064 


-y 


2X30 


• 0*1 


Gap contraction factor of slots Kn- 

P . duct width 
Kat, ° 2(gap length) 

Carter’s co-efficient for ducts 

|[tan- J 0*1— y'l+oT*" J— 0*05. 

Gap contractica factor for ducts 

r , L 1720 _ 

Kfitm L-K«ni Wi 1720-0*65X41x6 007 

Total gap expansion factor JT»*1*1C64X 1*007—1*114. 

Mmf required for air gap A 2V~0*87 X 27000*23490 A, 

But A Tf *800,000 K§ B$ U . 
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Hence maximum flux density in air gap 

n _ AT, _23490 _ 

' 800,000 Kt h 800,000x ril4x*30x R)-» 
Average flux density in the air gap 

Bm,~Ks JB»«=0'7x0'8786=0'615 Wb/m*. 


*0*8786 Wb/m* 


4’4 2. Net Length of Iron. The cores of magnetic circuits are built up with lami¬ 
nated steel pic tes wherever required. These laminations or stampir gs aic insulated from 
each other by paper, stuck to one side of the lamination. Kaolin cloy or enamel. Moreover in 
order to have an effective cooling of the machine, the length of the core is divided into 
packets of about 40 to 80 mm width separated by vent spacers. These vent spacers ibriu 
ventilating ducts through which air is circulated. These ducts are radial as shown in Fig 4'10 
and their width normally varies from 8 to 10 mm. 

From above it is clear that whole of the length is not occupied by iron ; some part of 
the length is laken up by ventilating ducts and some part by insulation bet wet n steel lamina* 
lions and air spaces created by irregularities in thickness of laminations. It is usual to define 
iron space factor, called ataclung factor, as the ratio of actual length of iron in a stack of 
assembled core plates to total axial length of stack. 

Gross iron length Zw—length of slot portion conductor 

—core length—length of ventilating ducts 

-*L—fuW* ...(4*40) 

Net iron length Lt^KiiL—mWt) .. .(4*41) 

where Kt—stacking factor for iron which largely depends upon thickness of plates and 
the type of insulating material employed. The manufacturers specify the 
stacking factor for a single lamination. The slacking factor depends upon 
the thickness of core and the thickness and the type of insulation used for 
laminations. The stacking factor for built up cores is smaller and an 
average value of 0'9 may be assumed for all practical purposes. 

4*4*3. Mmf for Teeth. The calculation of mmf necessary to maintain the flux in 
the teeth is difficult owing to the following complex problems: 

1. The teeth are wedge-shaped or tapered when parallel sided slots arc used. This 
means that the area presented to the path of flux is r.ot constant and this gives different 
values of flux density over the length of teeth. 

2. The slot provides another parallel path lor the flux, shunting the tooth. The 
teeth are normally worked in the saturation region and therefore their permeability is low, 
and as a result an appreciable portion of the flux goes down the depth of the slots. The 
presence of two parallel paths, the reluctance of one part depending upon the degree of 
saturation in the other, makes the problem intricate. 

Tapered Teeth. The mmf required for teeth' can be easily calculated whatever 
may be their shape, if the flux going down the slot is neglected. The correction, to take 
slot flux into account, can be incorporated later on. 

Following are the me thods usually employed for the calculation of mmf required for 
tapered teeth. 

(n) ffrnjiftfonT Ififjirrf The mmf per metre for the whole length of tooth is not 
uniform as the flux density is not the same everywhere. Therefore, to obtain correctly the 
value of total maf, it ii m&muttf to construct * graph showing the manner in which *a£ 
varies over the length nf th* tooth. The mean ordinate of thu graph mves the equivalent 'aT 
for the whole ofthVtooth* The tesaHumf foe the teeth is given by J B 4t, the integration 
being carried out for the complettbeigbf ofaeofhi 
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Therefore, total mmf required for the tooth, 

ATt=*mean ordinate X height of tooth 

— tttmm* X lt*=-atmtmn X dt ...(4 42) 

The height of tooth U it equal to di, the depth of slot. 

To determine this atmoa, it is necessary to construct first a graph showing the manner 
in which the flux density varies. From the known value of flux per tooth, the flux density 
is evaluated for a number of sections along the length of the tooth from tip to root (Fig.4.13). 
The corresponding values of ‘at’ are found from the B — 'at' curve of the material and are 
plotted. The value Of atm—n is obtained from the graph, a a shown. 



Fif. 4*13. B~at curve of tapered tooth and Fig. 4*14. Calculation of at m . aH for tapxed tooth 

calculation of or MMN using Simpson’s rule 

' (&) Three ordinate Method {Simpson’e rule). This method can be applied to teeth of 
very simple form and of a small taper and is based upon the assumption, that the curve 
ret iring W with flqx. 'ensity. is a ptrabola. In this method, values of ' tU * are obtained ni 
three equidistant points, the ends of the tooth and its centre, 
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The mean value of 'at' is giv«.n by- : 

,a., = *!+**+<■<. . ...(4 43, 

where ali, at t , af t arc the values of 'at' f-.r •* sections dmwn in Fig 4' 14. 

(c) Bti/t Method. This method is applied to teeth of small taper and is based upon 
the assumption that value of 'at' obtained for flux density at a section 1/3 of tooth height 
from the narrow end is the mean of ‘ at ’ for whole of the tooth. This method is the most 
simple of all the methods and results are sufficiently accurate if the teeth are worked at low 
saturation. 

Let Ai/t-flux density at J/3 height from narrow end, 

a#i/*=value of mmf per metre for Btj/, as obtained from B—'at' curve 
Total mmf for teeth i47 , r*=-alj/*Xl{=alj/ # X<l* ...(4 44) 


Air gap 

T 


4*4*4. Real and Apparent Fins Densities. It has already been stated above that the 
slot provides an alternative path for the flux to pass, although the flux entering an armature 
from the air gap follows paths principally in iron. 

If the teeth density is high, the mmf acting 
across the teeth is very large and as the slots are 
in parallel (Fig. 4*15) with the teeth, this mmf 
acts across the slots also. Thus at saturation 
densities, the flux passing through the slots be¬ 
comes large cannot be neglected, and any calcula¬ 
tion based upon ‘no slot flux’ leads to wrong result'. 

This means that the real flux passing through 
the teeth is always less than the total or apparent 
flux. As a result, the ‘real flux density’ in the 
teeth is always less than the ‘apparent flux 

density . Pig. 4* 15. Slot flux due to saturatio? ;n teeth. 

The apparent flux density is defined as: 

D _total flux in a slot pitch 

vV toolTTarea 



and the real flux density as: 

Brtai — 


actual flux in a t ooth 
tooth area 


In an actual machine, taking the flux over one slot pitch, there are two parallel 

1. Iron path. 

Area of iron path tooth width X net iron length = Wt X Li 

2. Air path. 

Area of air path total area—iren area 

—(slot pitch X core length)—(tooth width X net iron Icngt h)— y, XL—WtXLi 
If 0, is the flux over one slot pitch, we have : 

where 04—flux passing through iron over a slot pitch, 

0. —flux passing through air over a slot pitch. 

• d total flux over a slot pitch 0, 

****** Iron area over a llot pitcli ** "a* 
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” Brtnl + 7~ 

A a 


ii 


Ba—flux density in air«p0H*s4KX 10“ T afoot 
where afo«i— mmf per metro across the tooth for tooth density Bunt. 
An _ air area Ly»—UWt 


and K~ ratio 


At iron area 

Ureal — Bap j,— 4*SX I0~^ 'ot’real K 

=iia r r~4nxl0-’ ‘at’ (K'-l) 
total area _ Ly, 


UWt 


where 7^.-1 4-K* 


iron area 


UWt 


(4*45) 


...(4-46) 

...(4*47) 

...(4-48) 

...(4*49) 


(It should be borne in mind that the value ‘ at’not used above is corresponding to the 
real flux density Bnai). The slot and the tooth form a parallel magnetic circuit and therefore 
the mmf across them is the same. Since the length of flux path through slot and tooth is the 
same and hence mmf per metre length for both is the same. The mmf per metre in tooth is 
‘ai'not corresponding to real flux density Breni the mmf per metre across the slot is also 

Sf’nil). 
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Eqn. 4'48. cannot be easily solved as there are two unknowns, Bn,t and 'at'ntf, the 
latter depends upon the value of former. In order to solve this equation for machine with 
any dimensions it is d( sirable to have data available which immediately gives the values 
of ‘al'rett and Brcai for various values of B,pp and K». Fig. 4*16 shows a Family of curvet 
from which Br$<a and 'of* can readily be obtained. These curves correspond to B—U curve 
of ordinary steel laminations given in Fig. 4' I. 

There is another method available for obtaining the values of Aval and 'of’. This 
method is comparatively lengthy but useful for individual cases. 

Eqn. 4*48. involves two unknowns and so for solution, another equation & needed. 




UaCnbTIC CtkcUiTS 


The second relation is defined by 
the B—*al* curve of magnetic ma¬ 
terial used for the teeth. B~'at' 
curve is drawn and the straight line 
10“’ 'st’nw (JTr-1) 
s laid out as shown in Fig. 4'17. 
'When B=Barp. This 

corresponds to point A. When 

Betel 1 ** 0, 'at'real bb - ■ 

* An x 10~ T ( JST«— 1 ) 

This corresponds to point A'. 


Werking 

pok»t 


tf 


l*H «WKf 


®app ■ •reel ♦ 


A straight line is drawn con- 1 ’" r *T Bapp _J jt m 

necting points A and A'. The •* ttaKr’/R -\) ■ 

intersection of straight line AB with 1 * ’ 

B—‘at’ curve gives the value of Bnai *' 17 - Determination of Brm 

and the corresponding value of ‘olfHj. The intersection of the two curves gives the Vdve 

of Brtai and the corresponding value of ‘at’reai. 

Eumplc 4*5. A laminated tooth of armature steel »» on electrical machine is 30 mm 
long and has a taper such that maximum width is 14 tirms the minimum. Estimate the mmf 
required for a m*an Jlux density of V9 Wblm * in this tooth. Use Simpson's rule. The B-al* 

MMii /aSi i&a mmsutmmmso 1 a/ IaaII ■ 


B 

Wb/m* 



16 

18 

1-9 

20 

21 

3700 

10,000 

17,000 

27,000 

41,000 



Solution. Let Wt\, Wt t and Wt t be respectively the maximum, mean and minimum 
widths of tooth. 

Wn- T4 Wt, (given); .i- 2 IF*, 

Flux density at any section of tooth £*— — - 

area of section 

_ flux/tooth __ 

~net iron length X width of tooth 

.*. The flux density at any section of the tooth is inversely proportional to the tooth 

width. 

Let B*i, Bit and Bt% be respectively the minimum, mean and maximum flux densities. 

Btt-BmWtt/Wn- 1*9X1 2/1 4=1 63 Wb/m*; 1 *9 Wb/m* 

and AjlFi*/ 1F<,— 1’9 X1 "2—2’28 Wb/m*. 

The B-at curve is plotted in Fig. 418. From this curve the values of mmf per metre 
for flux densities 2fci= 1‘63 Wb/m*» A,—1 9 Wb/m* and JB*$*=2‘28 Wb/m* are respectively: 
01,-4500 A, at,-17000 A, at,-100,500 A 

Applying simpeon's rule, mean value of mmf per metre 

(S«€ Eqn. 4 43) 

_jxo ± *xmoo±mxo_ im3 

o 

A Total mmf required—of— Xh—28833 X 30 X 10~>-865 A 
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Example 4-6 The armature of a d.r.. machine has a diameter of 0'2m, 29 parallel 
slot* each 0 mm wir!" and 2~> mm deep ; the core in 015 m long with 1 duct 10 mm wide, and 
the an aap .» *»w .o'.,/. / tuut ' at ton on the stampings is 10% of the thickness. 

If the maximurn flu r d'tsity und‘ r the pole is 0 9 Whim' 1 , determine the. mmf rtquind to 
overcome the rehirtnv.ee oj yap and t'-*h. < at t< r’s co-efficient for th*. slots is 0 275 and for (he. 
slots is 9 275 and for Ih . duel 0 59 The. magnetization curve foi the it on is as follows ■ 


B 

1-4 


IS 

2 0 


1 



a 

A/m 

1800 

3000 

! 6500 

. 19400 



63000 113000 


^ 0 * 2 

Solution. Slot pitch at the gap surface ■■ ■■■ m*=2rh7 mm. 

O /a 

Smce the insulation on laminations is 10% of the thickness of the laminations, the 
stacking factor Kt is U'Q. 

21 67 

Gap contraction factor for slots Kgi= 2|-67—U'275x6 —®82 


Gap contraction factor for ducts Kti— 


i *)()—‘)'3y y l x 10 


>1027 



Fig. 4*18 
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Gap contraction factor £ # *l 082x 1'027«-1*111 

Mmf required for air gap AT/^fiOO.OOO'Kf Bt It 

=800,0v!0 x T111 X 09 X 3 X 10~*=2400 A. 

The B-'at' curve for the ferromagnetic material used is plotted in Fig. 418 The mmf 
required for the teeth is calculated by using simpson’s rule and method. 

The flux over one slot pitch passes through one tooth. 

Flux ovur a slot pitch 7,=0*9x2167>' I0-*X0 15=2 925X 10~* Wb. 

Simpson’s Role Top of Tooth. Slot pitch y, =21*67 mm. 

Tooth width fFii=2r67—6= 15*67 mm. 

Net iron length Lt-KiiL—naWe) =0*09(015— 1 X 1X 10"*)®0‘1341 m. 

Flux density “ 0 *1341 X 15*67x lO'*” 1 39 Wb ^ m ' 

From Fig. 4* 18 ’ a*,=1790 A/m 

Middle of Tooth. Diameter =0*2—0*025=0*175 m. 


Slot pitch 
Tooth width 
Flux density 


y»a 


«X0*175 

29 

18*96-6 


m= 18-96 mm. 
= 12*96 mm. 


Btn~BtiYWt x IWn**V39 


15 6 7 
12 96 


From Fig. 4* 18 

Root of Tooth. 


0*2 

Diameter 


Slot pitch 

Tooth width 
Flux density 
From. Fig. 4*18 

By simpson’s rule, 


= 1*68! Wb/m* 
=4000 A/m 
-0*2—2 x 0*025 


Vn- ~i 


n X 0* 15 


29 


-m= 


0‘15 m. 
16*25 mm. 


otnut, 


Wt»= 16*25-6= 10*25 mm. 

ftjX W,JWt,= l b9X 15*67/10 25=2*125 Wb/m*. 
utt—42500 

oil-Hotj+a*, 1790 +4 X 4000+42500 


6 6 

= 10050 A/m. 

Mmf required Dy teeth ATt^atmonXdi** 10500 X 25 X 10“3=263 A. 
Total mmf required for gap and tecth=./47V+i47^=2400+263=2663 A. 
Diameter at i height from root of tooth=D- 2 X 2/3 d. 

=0'2—2x2/3x0*025=0*1667 m. 
_mx0*l667 

Slot pitch *“ 2flT 


m=18'06 mm. 


Tooth width FT* 1 / 3 = 10*06—6=12*06 mm. 

Flux density A l /,=A l X 1 F»j/1F«j/,= 1'39X 15 67/12*06 

= 1809 Wb/m* 

From Fig. 4*18 11000 A/m 

Mmf required for teeth ATt —11000 X25X 10 - *=275 A 
Total mmf required for gap and teoth=2400+275=2675 A. 

Example 4 7 Calculate the apparent flux density at a particular section of a tooth 
from the following data : 

Tooth width=12 mm ; slot width—10 mm ; gross cor* length—0 32m; number of 
ventilating ducts=4, each 10 mm wide ; real flux density=2 2 Whim '; permeability of teeth 
corresponding to real flux density=37 +(henry per metre ); stacking factor 9. 

Solution. We have magnetizing ferce or mmf per metre, 
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MmF per metre corroiponJing to rod flux density jUr«aj= B 2‘2 Wb/m* and perme¬ 
ability #*= 31'4X 10 ”* is : 


2 2 

31-4x Hi ' 9 ” 


= 70,063 A/m. 


K - J&i- 
Kt L\Wi 


=2-328. 


Net iron length Li~0’9{0"32 ~ 4X 10 X 10~*)=0'252 m. 

Slot pitch y» — Wti- JT»*= 12 +10=22 mm 

From Eq. 4 48. ft- Jfc. -2-328. 

From Eqn. 4.48, apparent flux density 

Bm fp =aBrtai k- 4«X 10" 7 at 

=2-2 + 4rsx 10~ 7 X 70,06b(2‘328~!) 

=2’317 Wb/m*. 

Example 4 8. Determine the apparent Jinx density in the teeth of a de. machine 
when the real flux density is 2'16 Wb/m ; slot pitch 28 mm ; slot width 10 mm and the gross 
core length 0 35 m. The number of ventilating ducts is 4, each 10 mm wide. The magnetising 
force for a flux density of 2 J5 Wbjm 1 is 55000 A/m. The iron stacking factor is 0'9. 

Solution. Net iron length Li=*ki(L-nsWi)— 0‘9(0'35“-4X 10X 10“') 

=0-279 m 


Tooth width Wi-- y, - Wo=28—10--I8 mm 

From Eqn. 4 49, *.= oITtHt ~ 1 ' 95 

Corresponding to Bn<ti~ 2'15 Wb/rri*, the value of ‘at’=55000 A/m, 

Apparent flux density 

£W=2*«*i+4Jtx 10" at’ {K,~ 1) 

=2* 15-Hit X, !0- 7 X 55000( 1 95 -1 >—*2*2156 Wb/m : . 

Example 4 9. The armature core of a d.c. machine has a gross length of 0 33 m 
including 3 ducts each 10 mm wide, and the iron space factor is 0‘9. If the slot pitch at a 
particular section is 25 mm and the slot width 14 mm, estimate the true flux d< nsity and the 
mmf per metre for teeth at this section corresponding to an apparent flux density of 2 3 Wb/m*. 
The magnetization curve data for armature stampings is : 


B 

Wb/m* 

1-6 

•at 1 

3700 

him 





10,000 l / ,0>X) 


Solution. The B ‘at’ cutve is plotted in Fig. 419. 

Net iron length L»=0'9(0"33- 3 ' 10 X 10 -s )=0"27 m. 

Tooth width H 7 .=25 -14- S1 mm 

K _ lAb _ 0~ ^3 x 25 

•* K, ~ Z*W r < ~ 0-27x11 2 8l 

real flux density &-*<»/— B*pp— 4n X 10~ 7 *at’ (Ki — 1) 

***2"3—4«X 10~ 7 ‘at’ (2-78-1) 

-2*3 -2 237 X10‘* ‘at’. 


41,000 70,000 109, 
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Th» “ *he equation of a straight line. The line can be drawn by locating two points 
on it. The two points are located as under. 

When ‘at’—0, 2'3 Wb/m*. This is represented by point A. 

When ‘ot’^OOOO, 2‘237x 10 *X 70,000-2 143 Wb/m* 



Fig. 419 

This is represented by point B. A straight line is drawn through A and B cutting 
the magnetisation curve at C. Point O is the operating point. From point C, 

UmoJ— 2‘17 Wb/m* and ‘at’ —59000 A/m. 

Example 4T0. A d c. machine hat I he following data : 

pole arc**O'8 m, length of machine**0’36 m, length of air gap**8 mm, slot pitch at the 
air gap surface**25 mm, elot pitch at the bottom of alots**25 mm, depth of slot =*60 mm, width of 
elot"*12 mm. 

number of ventilating ducts in armature 

width of each ventilating duct 

flum per pole 

Calculate: 

(а) the nmf required for air gap, 

(б) the mmf required for teeth neglecting the 
elot flux, 

(e) the mmf required for teeth considering the 
slot flax. 

Use B—'at’ curve for ordinary steel plates 
at shown in Fig. 41. For the can of saturation 
consult Fig. 4" 16 for finding 'al\ Fig. 4‘9 should 
be referred to for finding the Carter's coefficient. 


BE j 

—Id mm 
-79X/F"* Wb. 



Fits 4*20. Details of d.c. umiJiIm of 
Example 410 (All dimensions in cm) 
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Solution. 

Fig. 4‘20 gives the details of the machine. 
Gap contraction factor for clots : 

slot width 1'2 


Ratio 


-1’5. 


gap length 0’8 

Carter’s co-efficient, from 3'ig. 4'9 corresponding to 1'5, for open slots, JK»»=0‘21. 
Kgi~g&p contraction factor for slots 
Jh 25 


y,-Ke.W» 25-0-21X12 
Gap contraction factor for ducts : 

Duct width=01 mm and number of ducts=5. 

duct wid th _ 10 
8 


- 1112 . 


Ratio 


1-25 


gap length 

From Fig. 4‘9 corresponding to 125, for open slot3, K«t is 018. 
Gap contraction factor for ducts 

„ L 0 36 


• 1026 


L-Ked nsWs 0-36-0'18xhX 10 X 10~* 

Total gap contraction factor Kg^KgtX Kgd—\' \ )2 x 1 "026=1'141 

(а) Mmf required for gap 

Assuming a rectangular distribution of flux over pole arc. 

/. Form factor AT/—4*. 

Gap density at the centre of pole Bg— —;— , pt r - 

r ’ pole arc X length of core 

72 X 10"* 

“TBxim ” 0 667 wb / m ’ 

Mmf required for the air gap=800,000 KgBglg 

=800,000X 1141 X0’667X8X 10"*=4870 A. 

(б) Mmf required for teeth neglecting eaturation 

Net iron length <=*Ki(L— twlP*)=0'9 (0'36—5 X10 Y 10 _, )—0‘279 m. 

pole arc_ 0‘3 


No. of teeth in the pole arc= -—-j— . . ,,, r 

tooth pitch at the gap surface 25 X i0^* 

Tooth width at the top of slot =25 —12=13 mm. 

Tooth width at the bottom of slot =22—12=10 mm. 


-12 


Flux density in the tooth is maximum at the bottom, as the section there is mini i um, 
calling this as Bt( at aa). 

flux p er pole 


Bi 


(»««r 


number of teeth in a pole arc XLiX width of tooth at 

the bottom 

T2x 0-279x16Xl0-» =2 15 Wb / m *- 


The vaiue of flux density at any height x from narrow end 

Bt(nam) 


2fc{*) s 


l-f <** 

width at the top—width at the bottom 
height Of teeth 


13-10 

60 


«&■*& 


where 



MAGNETIC CIRCUITS 


14i 


The flux density in the teeth is c.dnilaud at v.uious m *.lions and corresponding 
values of 'of are taken from B~'at* curve* (Fig. 4 1). The results are tabulated as under : 


Distance from the 
narrow ad of tooth 
cm 

Width of tooth 
cm 

Airs. 

Wb/m* 

‘at’ 

A/m 

6 

10 

j 2*15 

55000 

10 

105 i 

1 2 05 

; 35000 

2*0 

110 

1955 


30 

1*15 

1-87 

13500 

4*0 

120 

1-79 

9500 

5*0 

1*25 

1-72 

7000 

6*0 

1 30 

i 

165 

4750 


i 


(») Graphical method . 

Now a graph is drawn irctwern distinct 
from narrow end and ‘at’. From tli.r gi.iph 
(Fig. 4 21), 

average value of mmf per mette 
atm*a*=x 18700 A/m. 

Total mmf required for teeth 

=18700X — -1I22 A. 

1 uu 

(if) Simpson"s rule 

Take the three equidistant sections at the 
top, middle and bottom of teeth 

atj, *55000, oft*-13500, 

a*, **4750. 



Fig. 4 21. Distance from narrow e*d ia cm. 


‘at\ 


mo mp*~ 




55000 4 4X13500+ 4750 

’6 


-18,960 A/m. 


6 

Total mmf required for teeth 189*0 X — 1137 A. 

(Hi) 

Flu* density at I/S length (2 an) from narrow end—1 96 Wb/m*. 
alxi% from graph —20,000 A/m. 

This value is higher than the yqlue of V got frop graphical method. This is because 
this method does not give accurate results for teeth working at saturation. 

Tqtalfminf required for. A, 
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(c) Mmf for teeth considering saturation. The areas and apparent flux densities at the 
six sections are known, the mmf per metre corresponding to various values of B* P9 and K» 
are found from Fig. 4" 16 and tabulated below. There is no use of evaluating K» for sections 
where flux density docs not exceed 1'9 Wb/m* as the difference in real and apparent 
flux densities is perceptible in only when there is saturation. Use Fig. 4*1 for ‘at* when Bapp is 
less than 1*9 Wb/m*. 


Distance 
from the 
narrow end 
cm 

Tooth area 
A ( = W t x Li 

cm’ 

Total area 

cm* 

1 

*•99 

Wb/m* 

•of 

A/m 

o ! 

27-9 

79-2 

2-84 

2*15 

37000 

10 

293 

810 

2-77 

205 

26000 

20 

307 

82-8 

27 

1-955 

17000 

30 

321 

84-6 

2-64 

1-87 

13000 

.'7 

335 

86-4 

2-58 

1-79 

9500 

50 

349 

88-2 

_ 

1-72 


60 

363 

900 

— 

1-65 

4750 


'at'man from Simpson’s rule 


37000+ 4 X 13000+ 4750 
6 


15625 A/m. 


Total mmf required for teeth**15625 X *937 A. 


IRON LOSSES 

45. Types of Iron Losses. When ferromagnetic materials are subjected to a 
flux in a fixed direction in space and having a magnitude varying in time, losses are 
produced in the material. These losses are called Iron Losses or Core Losses. The cores 
of transformers and reactors and the armatures of d.c. and a.c. machines, which carry 
alternating flux are subject to iron losses. The iron or core losses have two components : 

(*) hysteresis loss, and (*»') eddy current loss. ' 

4 51. Hysteresis Losses. Cyclic (alternating) magnetization of a material occurs 
with a certain loss of energy. The hysteresis loss is due to a form of inter*molecular 
friction. The loss per cycle is proportional to the area of the hysteresis loop and depends 
upon the quality of the material. The loss due to hysteresis for a material operating in 
an alternating magnetic field is usually expressed in terms of loss per unit volume or per unit 
mass. The hysteresis loss may be written as : 

Hysteresis loss p***JT (area of loop) / W/m* or W/kg ...(4*50) 

where K is a constant which takes into account the quantities involved. 

Steinmetz developed an empirical relationship to express this loss in following terms 

Pk-KkfBm* ...(4*51) 

In this expression 

p*** hysteresis loss, W/m* or W/kg,. maximum flux density, Wb/m* 
hysteresis co-efflqient, k**Steinmets coefficient 
/"■frequency of magnetisation, Ha 
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The value of Steinmetz coefficient k approxiumuiy varies between 1*5 to 2*5 and 
i* 2 for all modern magnetic material* used fir e-lcuric.il machine. 

4-5*2. Eddy Currents and Edify Current Losses. The term “eddy currents 
is applied to t ose ehctiic currents which circulate within a mass of conducting material 
when the latter is mua ted in a v.-rving magnetic ft* Id, The conducting material may be 
considered as consisting of large numbei of closed conducting paths, each of which behaves 
like a sh rt circuited winding. The vatying magnetic field induces eddy erofs in these 
closed elemental paths giving rise to eddy currents',. 'J'hese eddy currents produce loss in 
power resulting in heating of materials, i his loss h of considerable importance as it effects 
the efficiency and heating of electrical machines. 

The magnetic man rials used fir v-iyitg magnetic folds arc laminated (made up of 
thin sheets insulated from each other) so tit to reduce eddy currents and associated losses, as by 
laminating, the area of paths of eddy currents is reduced giving rise to a large value of 
resistance. 

4'5-3. Eddy current lot.s *rs thin «bec t» i’ig 4*22 shows a thin plate of thick' 
ness < and width b, the thickness !>< iug con¬ 
siderably smaller than the width. The 
height of laminations is h The eddy 
currents produce a magnetic field of <h-nt 
own which opposes the main magnenc 
fieid. The result is non uniform dhni- 
bution of magnetic field over the. ctoss 
section of laminations. However, for the 
purposes of this analysis, a uniform fins*, 
distribution is assumed. Suppose this sheet 
carries a field with a flux density 
at, the fieldrunning parallel to the axis 
of the sheet. Eddy currents would flow in 
the sheet in the elemental paths as shown. 

Take an elemental path of thickness 
dx at a distance x front the axis 

Flux enclosed by the path 

*»2*XlXS«a2e B 
«s»2 zl B» sin wi. 

Instantaneous value of eddy erni 
induced in this elemental path is. Kj. 4 r± Eddy currents in Laminations. 

d , 

e«,«= -5— (il.e > /’» *'t! u>; ' 

-ft 

««2* 11«> &» cos oU. 

Rms value of eddy emf in the elemental path is 

2 x i ta Bm 

»2V2 * * / &»• 

Since the thickness oflamination* is very small and therefore the resistance is almost 
entirely due to such vertical paths within the section of iron U shown. 

Let p be the resistivity of material in Qm. 

Resistance of each elemental path is, 






144 


fflUCnJCAL MAOfflMfi DBHOh 


Eddy current in the elemental path is, 

/ ISL WxhtfBm V2 nfBmUdx 

" 3 Rm t * 2lp!bdx ™ p 


Eddy current loss in this path with l metre length and 1 metre width is 

Rmt 

"" ^ 


Total eddy current loss 

Jt-r/2 

P.-\ 


*—0 


*«/■&»» 

6p 


»t»W 


Eddy current loss per unit volume 


*- 6, - X to 6^“ WA " 


where 


JT.*» 


A.* W/m» 

*v 


6p 


...(4-52] 

...(4-53] 

...(4*543 

...(4-53] 


The thickness t of laminated material is of considerable importance as regards the eddy 
current loss. It is clear from Eqn. 4 53 that the eddy current toss is proportional to t* (square 
of thickness). This is precisely the reason why iron cores subjected to alternating magneti¬ 
sation are liminatcd. Thus it is economical at 50 Hz. to go to the trouble and expense ol 
dividing iron into laminations about 0*4 mm thick and insulating them from one another. 
It is also clear from Eqn. 4*53, that the eddy current loss is inversely proportional to the resis¬ 
tivity of the material. Therefore, high resistivity materials which have a high silicon content 
are used for the cores in order to reduce eddy current loss. However, the use of high 
resiltivity material,' results in higher magnetizing mmf and consequently higher magnetizing 
current. 

4*5*4.. Total Iron Loss. Total iron loss is the sum of hysteresis and eddy current 
loss and is expressed by the formula 

W/m* or W/kg ...(4*56) 

Since k>»2 for most of the modem ferro>magnetic materials used in electrical machines, 
we have t 

W/m* or W/kg ...(4*??) 

Theoretically, the above relationships may be used for the calculation of total iron loss. 
However, the iron losses in actual machines are higher than those given by the above expre¬ 
ssions. The reasons for this difference arc explained below : 

({) There are additional anomalous loeeee in machines. These anomalous losses 
are possibly due to movements of the boundaries between microscopic magnetic regions. 
The extramental investigations show that the anomalous losses are proportional to 
/•&§•/(•+/*) where a is a. constant. 
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(»») The relationships (Eqn. 4*51 and Eqn. 4‘53) are based upon the assumption that 
the field varies sinusoidally with time and acts along a single axis which is parallel to the 
plane of laminations. In practice, the flux density at a point in the core neither varies sinu¬ 
soidally with time nor alternates along a single axis. The non-sinusoidal nature of 
flux variations alter both the eddy current as well as the hysteresis losses. The eddy current 
loss for sinusoidal waveform is given by : 


Pt 6p * 6p * 


w/kg 


...(4'5h) 


The form factor for a purely sinusoidal waveform is 1 11. Therefore, the eddy 
current loss for any non-sinusoidal waveform with a form factor K/ is given by : 

P*^ ** w /kg ••.(4*59) 


The non-sinusoidally varying flux also changes the hysteresis loss. This is clear from 
Fig. 4‘24. The re-entrant part of the hysteresis loop gives an additional loss which makes 
the eddy current lojs greater than is indicated by value of B m used in Eqn. 4 51. 




Fig. 4*24. Re-entrant Hystercsisjloops. 

Eqns. 4*51 and 4*53 give fairly good results in the case of static machines like trans* 
ormers, reactors, and a.c. electromagnets in which the flux oscillates along a path that is 
>ractically fixed. However, the rotors of rotating electromagnetic machines are subjected to 
luxes that change their direction on account of rotation. This giva rise to a phenomenon 
:alled “rotating hystereaia”. Fig. 4'25 shows a typical case of the vacations of hysteretis 
oss at different valua of flux density for rotating electrical machinery. The rotational 
lysteresis loss is greater at low magnetization than the corresponding hysteresis loss due fib 
dtemeting magnetic field, while at high flux densities the rotating hysteresis lc»s actually 
lecreases becoming quite low at very high values of flux densities. 
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There are additional eddy current losses produced in the rotors of rotating electric 
machinery on account of the fact that the 
flux cartot everywhere be confined to a 
direction parallel to the plane of lamina* 
tions. Some flux enters the rotor at the two 
ends and also the sides of the teeth through 
the spaces provided for ventilation. Since 
this flux enters the iron in a direction nor¬ 
mal to the. plane of laminations, it gives rise 
to an appreciable iron loss. It is pertinent 
to point out that in the case of teeth of 
armatures of d.c. machines, the variation of 
flux density is a combination of ^linear and 
rotational magnetization, and therefore the 
loss under these conditions is uncertain. 


(»*) There are some practical factors 
which lead to increased iron loss in built up 
cores. The laminations may be shorted by 
burns on the edges due to worn dies, by grinding, or by faulty insulation on rivets, clamping 
bolts or the laminations themselves, thus giving increased eddy current loss. 6 

Mechanical strains set up by cold working or assembly of core affect the nature of the 
material and thus increase the iron loss, sometimes as much as a factor of 2’5. 

There are additional iron losses owing to distortion of flux produced by armature reac¬ 
tion on load. This is because the iron losses are proportional to maximum value of flux 



Fig. 4*25. Rotational alternating hysteresis loss. 



(a) Transformers (A) Rotating machines 


.Fig. 4-26. Typical loss curves for transformers and rotating machin e s 


•The iron loss may be regarded as a mass effect distinguished only by the manner in which the flux v*ri« 
uons occur. TJe magnetization may be (f) linear or (it) rotational. linear magnetization means a Bfit 

■■ *%£££lifts 
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density and maximum value of flux density increases with load on account of distortion oi 
Add form giving rise to increased losses. The iron losses also increase on account of ageing 
eitect. 

Due to the above mentioned reasons, it is impossible to calculate the iron losses 
in built up cores. In practice, loss curves which represent the specific iron loss as a 
function of maximum flux density are used. The loss curves are obtained by measurements 
done on built up cores and thus take into account some of the factors listed above. Typical 
loss curves for transformers and rotating machines are shown in Figs. 4 26 (a) and (6). 

Loss curves for different grades of stampings manufactured bv Sankev PreninM 
Division of M/s Guest Keen Williams is given in Figs. 4*27 to 4'30. ** 



8m — 

WO/m* 


1—4S Qnagty 2—41 Quality 5—42 Quality 

Fif.+27. Lom corns of Electrical sheet steel (Non oriented) 0-35 tun thick. 
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wb/ m 2 

1—48 Quality 2—41 Quality 3—42 Quality 

4—Medium Resistance 5—Special Lohys 6—Lohys 

Fig. 4*28. Loss curves of Electrical sheet steel (Non oriented) O'S mm thick. 


The loss curves are prepared by the 
Manufacturers cf stampings on the basis 
of laboratory tests done on prepared speci¬ 
mens. 

In fact, the results obtained in the 
laboratory, by testing prepared specimens, 
cannot be relied upon as the losses in the 
built up cores of actual machines are in¬ 
variably more than the losses obtained by 
laboratoiy tests. In order to take addi¬ 
tional iron losses into account the losses as 
obtained from iron loss curves must be 
multiplied by a factor which is 1*4 to 1‘6 
ford.c. machines, 1' to 1 '4 for induction 
motors, 1*4 tp 1*6 for salient pole synchro¬ 
nous machints and H5..(o 1*25 for turbo- 
altemators. 

As pointed cut earlier the two losses 
{.e. hytmesis and eddy current losses may 



Wb/mi 
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be taken as proportional to (See Eqn. 4'57). But even for same flux density the 
specific iron loss greater for teeth than core. At 50 Ha the specific iron loss may 
be written as 


p<»oA»* W/kg 


...(4'58) 



I—Grade 48 


2—Grade SI 


3—Grade 56 4-Grade 62 


Pig. 4*30. Loss curves of Electrical sheet steel (oriented) 0‘33 mm thick 


when ‘o’ is a constant whose values are given below t 


Machini 

Port 

a 

A.C. 

Core 

4*7 

Teeth 

6 5 

DC. 

Core 

6*5 

Teeth 

2*3 


At flux densities above 16 Wb/m* the losses increase rapidly above the values calcula* 
ted by Eqn. 4'58. 

4*6. Pulsation Losses. In a rotating electrical machine, the armatures are slotted and 
as a result when the rotor moves there are rapid changes of local gap reluctance. This change 
in reluctance gives rise to flux pulsations i.e. changes in the air gap flux a condition which 
produces additional losses called pulsation losses in the teeth and pole faces. This effect is 
considerably aggravated if the length of air gap is small as compared with slot openings. Slotting 
alio produces harmonic fields which cause high frequency losses near the gap surface. These 
losses may sometimes be considerable (as in the case of induction raptors) although they ar? 
difficult to calculate, 
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Example 4* 11. Calculate the specific iron lota in a specimen of alloy steel fur a maxi¬ 
mum flux density on 3 2 Wb/m 2 and a frequency of SO Hz, using O'5 mm thick sheets. The 
resistivity of alloy steel it O'3 x 10* dm. The density is 7 8x 10 s kgtm % . Hysteresis lost in 
each cycle is 400 Jim a . 


Solution. From Eqn. 4’53, eddy current loss 

_ _*'PBnJt', , , _ n*P Bm* I* , 4l/l 
» -*- kg/m ~ 6fX?-8xl O > w/l * 

_«» X 50* X 1 *2* X (0-5 X 10-»)» n.,,, w/ . 
6x0’3X 10~*X7'8X 10» u 


Hysteresis loss Ph— j T q ^qs = 2’564 W/kg at 50 Ha. 

Tot. 1 iron loss P < =2-564+0633~3 , 2 W/kg. 


Example 412. A specimen of cold rolled grain oriented O’3 mm thick stampings has 
a resistivity of OS X 10 ~ fl dm. The published hysteresis loop is essentially rectangular inform, 
with a co-ercive force, of 1. A/m for all values of peak flux densities upto 10 Wb/m*. The 
manufacturer quotes the iron loss in the material as 12 W/kg, with a sinusoidal flux density 10 
Wb/m * (peak) at 100 Hz. Calculate the loss in the material from its properties and compare 
it with the quoted value. The mass density M 7650 kg/m*. 

Solution. The material is subjected to a peak flux density of lWb/m* and therefore 
the value of co-ercive force is 12 A/m for all values of flux densities to which the material is 
subjected. The hysteresis loop is thus a rectangle with sides 2X 12=24 A/m and 2X1 
=2Wb/m*. 


Loss per cycle=area of hysteresis loop=24x2=»48 W-s/m*. 


Hysteresis loss at 100 Hz, 


Ph 


48X100 

7650 


=0 627 W/kg 


Wnm Eqn. 4'53 eddy current loss. 


V* 


6p W/m 6p X 7650 

_«* X (100)* X (1 0)* X (0*3 X 10-«)* 
6 X ’5 X 10“‘ X 7630 


0-387 W/kg 


Total specific iron loss pt=0'62 7 +0-387= 1014 W/kg. 

The calculated iron loss is smaller than the quoted. 

Example 4*13, The hysteresis loss in a sample of iron was found to he 4 9 W/kg at a 
frequency off = SO Hz and at a maximum flux density of B m -=1 Wb/m*. (a) Calculate therefrom 
the co efficient tj in the expression, loss/eycle^y Bm 1 ' 1 J/m* : the specific gravity of iron is 7'6, 
(b) calculate the loss per kg at f— 25 Hz and a flux density Bm=*T8 Wb/m*. 


Solution. Specific gravity of iron=7'5, 

Density of iron=7500 kg/m* 
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Energy loss due to hysteresis Bm' 7 J/m*. 

Hysteresis iron loss (power)/kg 7 X 7500 ...(»} 

It is given that the hysteresis iron loss p» at f--50^Hz and Wb/m* is 4'9 W/kg. 

4'9=t) X (50) X (1 } 1,? X 7500 

or t]»= 1307X10-*. 

Hence, hyteresis loss per kg at 25 Hz and a flux density of 1 8 Wb/m 2 is : 

Ph~"n fBm} 7 x7500— 1307 X 10-* X25 x (1 ‘B)*" 7 X 7500 
—6'6G W/kg. 

Example 414. A laminated iron cylinder is rotated in a magnetic field. The iron 
lose is 250 IF at 600 r p.m. and 312 W at 712 r.p.m. Find the loss if the laminations were 
twice as thick, the induction density increased by 20% and the speed were 720 r.p.m. Take 
Steinmetz co-efficient as 16. 


Solution. The frequency of pulsations is proportional to rotational speed. 
Let N be the speed in r.p.m. and Vi be the volume of iron. 

Jt 2 / 2 # m 2 t 2 

From Eqn. 4.53; eddy current loss P»=- g- — F% 


n'A'NWmW 

6 P 


Vi 


— Kt'N 2 where f—AN and A is a constant since the frequency 
of flux pulsations is directly proportional to the speed of 
rotation. 


From Eqn. 4'51, hysteresis loss 

Pk^Khf Bm 'Wi—KhAN B n ^Vi=K h 'N 

where Ke and Kh are constants if Bm and t remain constant. 

Total iron loss Pi—K«N i +Kh'N 

Substituting the values of Pi and N in the above expression 

500=*.' (480) 2 +EV (480) ...(») 

312—JKV (600) 2 +J?a' (600) ...(«) 

From relations (i) and (if) 

K: =0-00104, Kh '=0 5425 

The hysteresis loss increases in direct proportion frequency (which is proportional to 
speed in this case), flux density raised to power 1 '6 and is independent of the thickness of lami> 
nations. The eddy current loss on the other hand increases in proportion to flux density 
squared, frequency squared and square of the thickness of laminations. 

Total loss Bm increased by 20%, thickness increased to twice the original value and 
#■*720 r.p.m. 

P <s =0-00104 (720)* X (T2) 2 X2M-05425 X (720) X (1 •2)»*«=3622 W, 


MAGNETIC LEAKAGE CALCULATIONS 

4*7. Effects of Leakage Flux. It has already been stated that it is impossible 
confine all the flux to useful paths; there being always a leakge flu*. 
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If the leakage flux alternates, it will induce voltage in any winding with which it links. 
This is known as the leakage reactance voltage. The reactance corresponding to. this voltage 
plays an important part in the performance of a.c. machines. 

In d.c. machines, the leakage flux passing in non-useful paths affects the field excitation 
of the machines. The excitation has to be increased to compensate for loss of flux. Although 
the leakage flux is constant with time but during commutation it is reversed when the coil 
currents are reversed, giving rise to reactance voltage. This reactance voltage opposes the 
change in current and makes the commutation difficult. 

The estimation of leakage flux is difficult owing to the complex geometry leakage paths. 
It is impossible to get very accurate results as no amount of mathematics can define com¬ 
plexity of leakage flux. Normally the results obtained are checked against experimental 
data. 

4*8. Specific Permeance. The leakage flux can be assumed to consist of flux 
tubes of length y and n constant width Sz along the effective depth or length L of the field as 
shown in Fig. 4*31 (a). 



(a) in three dimensions 

Fig. 4*31. Leakage flux. 


Permeance of a tube 8 A *=/*• 


area of tube 
length of tube 


■Ms 


L8x 



(b) in two dimensions 


(In this case only reluctance of the path through air has been considered and the reluc¬ 
tance of flux path through iron path has been neglected). 


Permeance of whole field A *=#*• 




V 


.. (4*59) 


Specific permeance is defined as permeance per unit length or depth of field. 
From Eqn. 4'59, 


Specific permeance X* 


e N* 


fd» 
J V 


If the lergth of tubes is constant over a height k as in Fig. 4*31 (6) 

k . 

I tb k 


...(4*60) 


...(4*61) 
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'Eqn. 4'6l is based upon the assumption that the, mmf is constant ovr>r all flux tubes 
as the integration is carried out. 

The above expressions for specific permeance haVe to be modified if whole of the 
leakage flux does not link with all the turns. The analysis for this case is done below : 


Let 


Now 


2 T ==total number of turns, 

J*=current in each conductor, 

<D=effcctive flux ; this flux is a hypothetical flux which is 
assumed to link with all the T turns producing same number 
of flux linkages as are produced by actual arrangement of 
winding and field. 

A . effective flux 

A “effective permeances 


total mmf 
TQ> _ total flux linkages 
(T)(TI t ) total turns X total mmf 


27 . 


...(4-62) 


The flux linkages of the actual arrangement can be found by dividing the flux into 
infitesimal parts dG>z, each represented by a line or tube of force linking with 2'# turns. 


Flux linkages of Ta turns=2» 

.*. Total flux linkages of winding®* j2 1 *dG>* 


but, 


mmf producing this flux X permeance of infinitesimal part 
dx 


-ItTa X fie L 


Total flux linkages = j TaXlgTaX\ioL~- ■ —fioLL j Tm* 
By denfiition of effective permeance (Eqn. 4 62) 

p.LJ.j T» 


dx 

y 

dx 


total flux linkages 


total turns X total mmf 
dx 

-fiei '' 


T(TIg) 


m 

% A r (Ta V A 

.*. Effective specific permeance \\~tp J 


...(4*63) 

...(4'64) 


Hence, specific permeance of a differential path of depth dx and length y, 

^ ~r j ~ -.(4*65} 

4-9, Leakage Reactance. When leakage flux is associated with a winding carrying 
“steady state” alternating current a reactive voltage is produced. The magnetic reluctance 
offered to leakage flux is predominantly due to the air path under normal conditions and so 
leakage reactance is directly proportional to current, giving a constant inductance. Therefore 
the reactive voltage may be regarded as due to a voltage drop in a constant leakage 
reactance. , 

Let us consider a coil of T turns each carrying a current of /*, the effective permeance 
? fflux paths being A • Inductance is dteflned as But linkages per unit current. 
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Inductance 


but 


Inductance 


__ flux linkages of the winding __ T<b 
current h 


4>=mmf x permeance®- Tig A * 


TxTI t \ 


T* A 


..(4*66) 


If the current in the coil pulsates with a frequency /, it has a reactance, 

JT=2n/Xinductance=2w/7 ,, A *=2ufT*LX 

where A== ^ J(^) y ' 


...(467) 


If A is the value of the specific permeance for the leakage paths, Eqn. 4*67 gives the 
value of the leakage reactance of the winding. 

The difficulty in applying Eqn. 4*67 lies in the estimation of A. It is customary to 
that the mmf required for the iron parts of the leakage flux path is negligible. It is 
then obvious to concentrate on non magnetic patiis of the leakage flux and an attempt is 
made to ( fit geometry into these paths. The magnetic circuit is split into series and parallel 
paths so that the calculation of specific permeance A is made possible. The problem of 
calculation of leakage flux or leakage reactance now reduces down to estimation of specific 
permeance. 

When the leakage paths arc complicated they are often found to be capable of division 
into parallel strips, each strip being associated with the length of conductor in part of the 
turn. The resultant permeance is : 

A sss pt[Ai/l 1 +A t /li+Adl a +..-) ...(4*68) 


where l lt 1%, l t .are the lengths and A u A t , A t , .are the areas of the flux paths. The 

areas A u A t , A % , .etc.,, are usually products of widths w lt w t , te S) .etc. and lengths 

Li t Lt, L^ .etc. of that part of the winding. Thus 

A =/k*o(I'i w Jh + L % Wtih+Li u>j/lj-f-...) .. (4*69) 

••• ...(4*70) 


where A lt A a , A),... are the specific permeances of the portion of the coil and their values are 
given by : 

Ai«■#*• wilh. A***/*oWi /l t , A,=/»«tt>,/J, ...(4*71) 

4*10. Armature Leakage, The principle components of armature leakage flux are : 

1. Slot Leakage flux. Slot leakage flux is shown in Fig. 4*37. It crosses the slot 
from one tooth to the next, linking with that portion of the conductors below it by returning 
through the iron. 

The term “Armature” means the member which carries distributed d.c. or a.c. windings. 
The leakage flux in armature of rotating machines a superimposed upon the mntual (useful) 



» ■ \ * ■ i# i » . > 

i i 

(a) Fig 4 32. Useful and leakage Duxes in armature .• (A) 
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flux in the air gap region. I'll-- distribution of the air gap flux is modified on account of 
existence of leakage flux. The distribution of total flux in air gap region is shown in 
Fig.4'32 (a). However, the leakage flux in the overhang has a separate identity. Fig. 4‘32 (6) 
shows its arbitrary two components, the mutual (useful) flux and the leakage flux. 

As stated earlier, the useful flux links with both the windings while the leakage flux 
either links with one winding or is so directed that it does not contribute to transfer of 
useful energy. 

2. Tooth top leakage flax. This leakage flux passes from top of one tooth to 
the top of another tooth. This leakage flux is quite important in machines having large gap 
lengths like d.c. machines and synchronous machines while in induction machines, it is 
normally negligible. Fig. 4'33 shows the tooth top leakage flux. 



Fig. 4 33. Tooth top leakage flux. 



3. Zlgsag leakage flax. This flux passes from one tooth to another in a zigzag 
fashion across the air gap (Fig. 4*34). The magnitude of this flux depends upon the length of 
air gap and the relative positions of tips of teeth. 

4. Overhang leakage flux. The overhang portion of armature windings produces 
a separate leakage flux. Its magnitude depends upon the arrangement of overhang and the 
proximity metal masses, such as core stiffners and end covers having conducting and magne* 
tic properties. Fig. 4*35 shows the overhang leakage flux. It is clear, that this leakage flux 
has distinct separate identity and does not modify the value and distribution of the total 
flux. 



The leakage fluxes given above account for most of the leakage reactance, but there 
are some other components, given below, which are normally small in magnitude except in 
exceptional cases. 

5. flirwlr or Differential leakage flax. This is also called belt leakage 

flax and is due to the fact that the primary and secondary mmf distributions are not, in 
general, similar. Any unbalanced components will cause harmonic fluxes, each of which 
rotate* at its own synchronous speed causing a fundamental frequency reactive voltage drop 
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in the pii.nary. Fig. 4’3 » shows the result of difference of rnmf distribution between stator 
and rotor mmf acru.vs the air gap of a machine. Suppose the primary to secondary winding 
turns ratio is 2/1. Fig. 4'36 ( a) shows the two windings, primary and the secondary on the 
opposite sides of the air gap. In order that the two nimfs balance each other both in 
magnitude and distribution, the secondary winding current should be two times he primary 
winding current everywhere i.e. / 2 —2/i 



(a) Similar mmf distribution. (6) Dissimilar mmf distribution. 

Fig. 4'36. Differential or Harmonic leakage. 

When the mmfs of the windings are balanced both in magnitude and also in distribu¬ 
tion, there is no differential or harmonic leakage flux. Let us now consider a case wherein 
the turns ratio is the same but there is dissimilar distribution. This is shown in Fig. 4*36 (6) 
The condition for zero secondary winding linkage is that : 

72 /7i--34 ll 3 ~0 
or h *~I x —2 \2 

Therefore, the ratio of currents is 212 which differs from the turns ratio of 2. The 
primary winding linkage, however, is 

160// 1 ~72i/,»7-5 ll x 

Therefore, the primary and the secondary winding mmfs cannot exactly balance each 
other. Thus there exists a net mmf which causes a leakage flux which is called the differ¬ 
ential or harmonic leakage flux. 

The harmonic leakage flux is on account of the fact that if the spatial distribution 
of mmfs of the primary and the secondary windings is not the same, the difference in the 
harmonic contents of the two mmfs causes harmonic leakage fluxes. The differential or 
harmonic leakage flux is mainly a result of higher space harmonics and can be neglected for 
normal windings. In squirrel cage induction motors, the currents in the rotor (acting as 
secondary winding) can balance the stator (primary) current at every point without 
restraints and therefore there is a no harmonic leakage flux in these machines. 

6. Skew leakage flux. This is only present when the slots are skewed. Skewing is 
generally done in squirrel cage induction motors to eliminate harmonic torques and noise. If 
the rotor slots are skewed, the voltage in rotor conductors is reduced. This r'■suits in apparent 
decrease in mutual flux creating a large difference between total flux and mutual flux. This 
is the same as the effect of increase in stator leakage flux and leakage reactance. 

7. Peripheral leakage flux. This flux exists circumferentially round the air gap 
Without linking with any of the windings. It is negligible for most of the machines. 
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4 11. Slot leakage. A parallel sided slot 
accomodating one or more conductors is 
shown in Fig. 4*37. (o) When the conduc¬ 
tors carry current, they produce a slot 
leakage flux pattern. Flux patterns under 
steady state can be obtained by applying 
the condition that the magnetic vector 
potential within the slot must satisfy the 
Poisson’s equation within the section of 
the conductors, and Laplace’s equation 
in other parts. In case there is large 
space between the bottom of the conduc¬ 
tor, and its width is comparative 
smaller than that of the slot, a flux 
pattern as shown in Fig. 4'37 (a) is ob¬ 
tained. For this set-up, the flux does 
not go straight across the slot. However, 
in all low voltage machines, the propor¬ 
tions of the conductors and slot are as 


15? 



(A) 


(«> 

Fig. 4-37 Slot Leakage Flnx 
shown in Fig. 4*37 (b). For these cases, it is justifiable to assume that an elemental leakage 
flux path is completed around the bottom of the slot as a result of the assumption that the 
ferromagnetic meterial has an infinite permeability. The flux path can be assumed to be 
straight across the slot for steady and power frequency currents. The slot leakage can be cal- 
culated by making the following assumptions : 

1. The current in the slot conductors is uniformly distributed over their cross- 
section. 

2. The leakage path is straight across the slot and a round the iron at the bottom. 

3. The permeance of air paths is only considered. The reluctance of iron paths is 
assumed as zero. 


The slot leakage permeance depends upon the shape of the slot and the arrangement 
of the windings in the slot. We will first consider single layer windings. 

4-11T. Leakage permeance of parallel sided slot. Consider die slot shown in 
Fig. 4‘38. The area occupied by conductors is shaded. The leakage paths over each of 
portions h lt h t , ha, K are indicated. 

Let Z«—conductor* per slot, 

Zi=current carried by each conductor, 
and 2/—length of the conductor portion of slot. 

Conductor Portion. Consider a strip of height dx at a distance x from the bottom 
of the conductors.! 


Permeance of the strip 


=/**X 


area of the flux path 
length of flux path 


Ldx 

-A** w% 


x 


Conductors producing flux in the strip**~—£» 


wb 

Mmf producing flux in this strip Ztl» 

Flux in the strip, 

<M> t w pwn f producing the flux X permeance of 
the strip 


X - T r dx M 

■t-WiX^ lr=r “=/*• L 


*f fc - 


Portion of conductors linking with flux in the 
itrip^itr-- 
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Flux linkages of the flux in the strip, d^^flux in the strip X no. of conductors 
jinked 

L Wr%r dXXZ 'hT ^to-yrZ.'h (jZ- j dx 
Total flux linkages of the conductor portion of the flux, 

* 4 " -w-M*:)' 


From Eqn. 4 62, effective permeance of conductor portion 


A,-- 


total flux linkages 


total turns X total mmf 

Z.*lA 


W* 


Z.xhZ, 


3 r hi 
L 3W, ’ 


Specific peimeance for the conductor portion — _ 

L off « 


Same results are obtained by the application of Eqn. 4 64. A tube of force at a dis¬ 
tance x from the bottom of conductors links with */Aj of the total conductors. 

T*=~T =4 *.«ndy-IF,. 

Hence from Eqn. 4 64, specific permeance of conductor portion, 



Non-conductor portions. The llax tubes in the non-conductor portions link with all 
the conductors. Also these tubes of force are produced by all the conductors in the slot. 
’ Therefore, Eqn. 4’60 can be applied for the calculation of specific permeances of non-con¬ 
ductor portions. 

Height h t : Length of flux path, y«* W,. 

ha h$ 

„ » f dx r dx ha 

Specific permeance Aa«=p t 1 — «/»,J — M#]jr 

0 0 * 


Height h, : 

y«=( W 9 ~ Wt) xjha+ Wt taking » from AA‘ 
Specific permeance 


h$ 

ha 

. [dx 

f dx 

*»*“**• j—«=/*o 

J {W,-W')xlha+W' 

«... 

. W » 

■Iog. Fi 

£ 

1 

Bt 

• 

*. 

i 


i| , , 2hs 

“**• w,-W. Io *'ir“*• IT+r. 
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The specific permeance can be detei mined bv taking the length of the flux path 'y' as 
the mean of the widths W, and W». 


Thus, y 

*. Specific permeance 


_ W. \ Wo 
2 


h t hi 

v f dx f dx 2 h. 

Mo J y '~ Mo J n,+ Wo 

0 0 

Height h 4 : 

Length of flux path y~ W 0 

h t h t 

Specific permeance jy=^o 

0 0 

As all the leakage flux paths arc in parallel the total specific slot permeance A, is the 
sum of the individual specific permeances. 


slots 


Total specific slot permrance for parallel sides 

A*=Aj-f-A 2 +^s 4" 

[” h t I h t , 'Jh 3 . hi ~| 

13W, Wo W. + If. WoJ 

-.-{4 72) 

4'11‘2. Specific permeance of tapered slot. ) 

Considering the tapered slot shown in Fig. 4'39. - 1 

Conductor portion hj. Length of strip at a 
distance s from the bottom of the conductors. 

Yf _jjr 

y«*?P#—2* tan # where tan <t— 

Portion of conductors producing flux in the strip 

m — (y+ Wi) x __ T—Z. 

Ta (Wt+Wo)^ Z " T Zt 

Specific permeance of the conductor portion 

hi 


—-jWey-*— 



Fig. 4*3#. Tapered slot. 




dx 

v 


(Eqn* 4‘64) 


“#»• 


i 


>1 ( j ± E> Y Azo' 

1 Urf .yJjb r ft. 

I Zo % X 


y 

3 


_ . r-^-io g *- r 

w. (i-JBo+W ’*"* K ~w. 
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2A 

The appropriate value of Ai —Mo j y ■' jy j 

This is based upon the fact that the average length of the flux paths is y=(W'«4 W%)/2. 

Non conductor portion. The flux tubes in the non-conductor portions are pro¬ 
duced by all the conductors in the slot and they link with all the conductors. Therefore, 
Eqn. 4'60 can be applied for calculation of spicific permeance of non-conductor portions 

2 h t 


Height h 2 : 
Height h,: 
Height h 4 : 


Aj “ Mo W i +W 1 


AjCb/^q 

A*—Mo 


2 h. 


W t + Wo 


k. 

Wo 


Total specific slot permeance for tapered slots 

Ai=A t "f Aj^Aj-f Aj 

_ r ?h ' ■_- ?Az 

L'M^.+ w r 8 )' Wi 


4 


4 


4 W, W x + Ho W 


kl 

Wo] 


(4 73) 


4 113. Specific permeance of circular slots. 

Conductor portion. The length of a infinitesimal strip at a 
distance x from the bottom slot (Fig. 4'40) is, 

y~2r sin a 
r —x 

where cosa =- 

r 

or dx~-r sin a da. 

Area of segment of height x 

“y- (2a—sin 2a). 

Portion of conductors producing flux in the strip 

. (2a—sin 2a) 





Fig. 4*40. Circular Slot. 


Z t - 


a—i sin 2a 


Z t . 


nr m t. 

Flux produced in the strip. 

<M>*=>mmf producing flux X permeance of strip 


_ { a—i sin 2a„ r \ ( r r «in a da\ 

-{ —*— ZtU ) ('‘• i -2rsnrj 
-[—;;— z - 1 -) ('-t* 1 ) 

t iin 2 •) it 


Turns linking with flux are 


sin 2a 


Z+-, 
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Flux linkages with flux in the strip 


sin 2a.) d* 






Hence, total flux linkages of flux in the conductor portion of the slot 

K 

2*» 


4> T 


ml f 

2 ” i 


(*~i sin 2*)* da*«0'623 no Z»* I* L 


Effective permeance of the conductor portion {Eqn. 4‘62) 

A.- fl U f 1 "f , * e, ~0-623 

Is Ids 

A t 


Specific permeance of conductor portion Ab=-^-= s: 0 , 623 i* 0 . 

The value of specific permeance is raised to 0'66 p 0 to compensate for the actual flux 


pattern. 


Thus, As—0*66 p 0 . 

Specific permeance of slot opening 

h 

x dx 

— “Mo 


Wt 


Hence total specific slot permeance for circular slots 

A,-A B +A 1 -p t [ 0*66+ A-] 


...(4*74) 


4-11*4, Specific permeance of semicircular bottom portion. Fig. 4 41 shows 
a slot with a semicircular bottom. The permeance calculations are based upon the aatump- 




Fig. 4'41. Slot with semi-circular bottom. Fig. 4 42. Semi-circular bottom portion. 

tion that the semicircular bottom portion does not contain any conductors. The portten is 

shown in enlarged form in Fig. 4*42. , 

The length of infinitesimal strip at a distance * from the bottom of slot y—2r am «. 
Also *-r-r cos a .*. dar-r sin« 4*. 

Conductors producing lux in the strip-conductors per slot-& »nd the flux in thestrif 
links with all the conductors in the slot. 

... We ^ apply Eqn. 4*60 for the calculation of specific permeance of senfi-circulai 
portion. 
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f dx f r sin a da 

h ‘ \ j =ll ° J 2r sin a 


.. {4 1 75) 


ismnenctosed 

slot 


4 115. Specific permeance of dosed type of slots. Closed type of slots are often 
used for small induction motors to increase the leakage reactance which in turn decreases the 
_ starting current. The low starling current permits the use 

.—" V) of direct on line (DOL) starters which are the cheapest 

I of the induction motor starters. 

' i nrrF/ d Stotor Small induction motors use rotors with 

yyy/^ die cast aluminium cage. The ‘bridge’ i e., iion part 

Ssmi-enctosed above the slot mechanically retains the molten metal 
L { sl°t during casting. Fig 4'43 shows a closed type of rotor 

- 1* 1 _ slots wherein there is no slot opening. The leakage flux 

_ path on top of the slot is through iron, which is called 

‘bridge’. Therefore, the specific permeance of this 

-•-Bridge path depends upon the permeance of iron which in 

turn depends upon the degree of saturation and hence 
]** ~\ upon the relative permeability of iron. 1 he specific 

permeance of a closed slot can be determined by 
yyy. Rotor multiplying the last term in Eqn. 4'72 by pr, the 

/ Y, effective relative permeability of bridge. The value 

yyy of pr depends upon the degree of saturation in the 

""Closed bridge an! therefore it is very difficult to assess. The 

i Y _ ) 5 0 value of pr varies from 25 at low conductor currents 

v “"~*- S down 3 or 4 when the current is large, (a condition 

Fig. 4 43. Closed slot. which is obtained when starting induction motors). 


Bridge 


Closed 

slot 


Fig. 4 43. Closed slot. 


4116. 

derived abo\ 
the shape of i 


(T6, Specific slot permeances for complicated shaped slots. The relations 
above for specific slot permeance are very useful for slots of simple shapes. When 
? of the slot is less simple, the calculation of specific slot permeance becomes more diffi- 



Fig, 4-44 
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cult. However evaluation of specific slot permeance, for the most common Iv used slots, can 
be made from Figs. 4 44 and 4*45. 



a >/a* 


Fig. 4-45 

These types of solts are commonly used for single phase .md-m,,!! thro-phase induc¬ 
tion motors. 

1. For slot of Fig. 4*46. 

Specific slot permeance -F+ —- -f -^- - -1 •• .(4*76) 



2. For slots of Fig. 4'47 and 4*48, 
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Specific slot permeance .l 

L ®i • 

The value of 4* is taken from Fig. 4*45, 

3. For slot of Fig. 4*4®. 


2 e 


«+«i 


-] 


..(4*77) 




Fig. 4 49 

Specific slot permeance 

i T ,4 

The value of 9 is taken from Fig. 4‘45. 

4. For slot of Fig. 4'50, 


Fig. 4'» 


n cos" 1 ! 


WB) j 


■ .(4*78) 


(4*79) 


Specific slot ptrn.eai.ee J 

The value of F is taken from Fig. 4 44. 

4-11*7. Specific permeance of slots with double layer wiadiags. Id 


double layer winding, there are two layers 
per slot. Normally there are two coil sides 
per slot. One coil side is at the top of the 
slot while the other is at the bottom. 
Fig. 4*51 shows A as the top noil side and B 
as the bottom coil side. The total reac¬ 
tance of the coils will he made of the 
reactances of the top and bottom cod sides 
plus twice the mutual reactance between the 
top and the bottom coil sides. 

From Eqn. 4*72, for parallel sided 


-f%h- 


slots, 

iifle 


specific slot permeance of the top coil 



•ottom 
ceil aim 


‘'-'-[■JTir+'fr+i 

- WJ] 

and sbniiariy, 


2* ( 

+ 


.(4*80) 


t * " ■ ■ ■ W| - —| 

Flg.4'91. Hot whh double layer winding. 



Magnetic cntcOiri 

Specific dot permeance of the bottom coil side 

Hy^ +il ^ + T^ + -k] 
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...(4*81) 


The presence of two coils sides results in mutual inductance between them. The 
specific dot permeance corresponding to the mutual flux is now to be calculated. Let us 
consider the effect of the flux produced by the top coil side linking with the bottom coil side. 

Co n ductor portion. Consider an infinitesimal strip of height <ix at a distance * 
from the bottom of top coil side. 

X 

Mmf producing this flux**/« Zl . jj—- 
where Zt«conducton per layer. 

Permeance of the itrip«ji**^ 

M Ldx I X 

.'. Flux in the strip 1$Zl jj— X /*# /* Zi • . 

The flux links with all the conductors in the bottom coil side (we are considering only 
the mutual flux). 

.*. Flux linkages due to flux in the strip 

h Zl ~-dx It Zl* jp- j^-dx 

Total flux linkages corresponding to the mutual flux 

-*M• It Zl 1 /. Zt'Lgfir 

0 

Effective permeance for the mutual flux 

'.I.tL'Irfc ^ 

- A »“—irsF - “• L iw: 


Specific permeance of the conductor portion for the mutual flux 

An 


A|M a 


■'“ilk 


Nsa ouuductor portion. In the nonconductor portion, the flux is produced by all 
the conductors in the top coil side and the flux so produced links with all the conductors 
In the bottom coil side. The efore, &qn, 4*60 can be applied for the non-conductor portion. 

Using, Eqn. 4*60, the specific permeances are : 

TrT' ifT+F. • 

Total specific slot permeance corresponding to mutual flux 


..(4*82) 
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Specific permeance of bottom coil side for its own flux is Aa and is given by Eqn. 4*81. 
Specific permeance corresponding to flux produced by top coil side and linking with boitom 
cuil side is XjB—Xfm and is given by Eqn. 4'82 

Effective specific permeance for bottom coil side 


Similarly effective specific permeance for top coil side A 

Since each coil has one coil side in the bottom and the other in the top of the slot, 
Specific slot permeance for double layer windings, 

^ Ai-f-Aji Aa-FAb -H Xab-\-Xba 

■ “ ,ar . 


Xa j-Ajs 4-2A.4B 


-(4*83) 


where Xab^Xba — Xtm 

Substituting the values of A,*, Xb and Xab in Eqn. 4'83, we have specific slot permeance 
for double layer windings 


Xg= 


A^+Aa-f 2 Aab 


4 


r 2 A, 

n_ 3 w 

ion bctvm 

»_ r 

**• L sw, 


ft *.i 


\Y» + 4 W, 


W, 




2 h t 


_+ A 

Wo+W. + Wo 


1 


If we neglect the insulation between two coil sides i.e. h 2 —0, we have 


Wo 


2h t , ^5 _”1 

Wo+ W, ^ Wo J 


...(4-84) 

...(485) 


If we compare Eqn. 4'85 (for a double layer winding) and Eqn. 4'72 (for a single 
layer winding), we find that the two are identical (Comparing Fig. 4'38 with Fig. 4 51 
we find that the height of conductor portion in single layer winding is h t while in two layer 
winding it is 2Aj). Thus Eqn, 4 72 can be used for double layer windings as well. 

411 8. Specific perneance of slots of special purpose Induction Motors. 

Deep bars and T bars are used for the rotors of squirrel cage induction motors to give a high 
torque at starting and a good efficiency while running. 

The frequency of rotor currents of squirrel cage induction motors at starting 
near about 50 Hz during starting and below 5 Hz when running. 


‘T’Bar Rotors. A ‘T * bar rotor conductor is shown 
in Fig. 4'52. The upper portion of tlie conductor has an 
area where the lower portion of the conductor 
has an area c 2 . 


At low frequencies (about 5 Hz), the current 
distribution throughout the conductor cross-section Oj 
and % is uniform. 

The specific slot permeance for this case is riven 


i*o r h,_ 

(Oj+o,)* L w$ 


A . A f 

3 + Wo[ 





.1.(486) 


The total conductor cross-section is («*+» # ) 
and the two parts share the current proportional to 
their area. 
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At starting, the frequency of the rotor currents is almost equal to the supply frequency 
i.e. 50 Hz and therefore the leakage reactance of the lower portion of the conductor a% is 
quite high. This forces almost the entire current to flow through the upper part of the con* 
ductor which has an area of ‘«i’. Therefore, the specific slot permeance under starting 
conditions is : 

X *“ # “['2W7' f '3»7 +’fc] • *' 4 ’ 87) 

The values of specific slot permeance fall in between during the period of starting and 
speed changes and these values are of signifiance. 

4119. Specific permeance of deep bar rotor slots. Deep bar rotor slots as 
used in squirrel cage induction motors are shown in Fig. 4‘53 (o) and (6). Deep bar rot on 
are used for increasing the starting torque of the induction motors. The increased starting 
torque is obtained by increasing the effective resistance of the stator at starting. The 
principle of operation of deep bar rotors is the same as that of T bar rotors. Consider first 
a squirrel cage rotor having deep and narrow bars as shown in Fig. 4’53. The general 
configuration of the slot leakage field produced by the current in the bar within the slot is 
shown in the diagram. Assuming that the iron used has an infinite permeability, all 
the leakage flux lines wouliT ctose in (he paths below the slots as shown. Consider that 
a barconsists of a" number of layers of diffet ntial depth; one at the top and the other 
at the bottom as shown in Fig. 4 54. The leakage inductance of the bottom layer is con¬ 
siderably larger than that of the layer because the bottom layer links with a largo leakage 
flux. Thus the leakage reactance of the bottom layer is much more than that of the top 
layer. At starting the frequency of rotor emf is equal to the supply frequency and therefore 



Fig. 4*53. Deep bar rotors. Fig. 4-54 Deep bar rotor represented 

by the top and a bottom layer. 

it is leakage reactance which is the determining parameter for the distribution of rotor current 
between the top arid bottom layers (since the two layers are connected in parallel). Conse¬ 
quen tly, at st arting t he current in the top layer is much greater than that in the bottom layer. 
^ereforeT tKe concentration of current 'is mainly in the top layer. This results in large 
increase in the effective resistance of the rotor and consequently increase in startingtorque. 
Since the distortion in rotor current distribution depends upon the inductive effect, the 
effective resistance is a function of the frequency. The effective resistance is also a function 
of the depth of the bar. A squirrel carge rotor with deep bars can be readily designed to 
have an effective resistance at stator frequency (stand still) several times greater than its d.c. 
resistance. As the rotor accelerates, the frequency of rotor currents drops down and 
therefore the leakage reactance gradually loses its effect to distribute current, the current 
distribution is then mainly determined by the resistance of top and bottom portions. Under 
r unni ng conditions, the resistance of the rotor is its d.c. resistance and the current distri¬ 
bution is uniform. 

The values of specific slot permeance for deep bar rotors can be calculated from Eqns v 
4*86 and 4*87 under actual opmating conditions and using suitable modifications. 
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412. Tootb top leakage flux. Tooth top leakage depends primarily on the length 
of air gap. It is negligible in the case of machines with very small air gaps like induction 
motors while it is appreciable in d.c. machines where the air gap is larger. The presence of 
interpoles in the case of d.c. machines increases the tooth top leakage flux. 


The calculation of this flux depends upon the assumption of shape of its path. In 
machines with small air gaps, its path can be assumed to be straight lines circumferentially 
along the air gap. Eqn. 4’60 is applied to such a case giving, 

length of flux path ya»slot pitch y». 
height of flux path kssjength of air gap l§. 

.*. Specific permeance for tooth top leakage 


h 

0 


dx 

y 






...(4'88) 


For large gaps without interpoles, the leakage paths can be taken as sum of two 
quadrants and a stiaight portion (Fig. 4*55). 


dx 




L 




W,. 


7 



* n 

Wf 

■i 







Fig. 4'55. Tooth top leakage. 
The length of path Wo+rtx. 

Using Eqn. 4‘60, 

mil 

. f_ dx 

hr 

0 


Fis 4 56. Tooth 'op leakage with intcrpoles. 


+ TCX 




.. (4 89) 


The field distribution in the case of interpolar machines varies according to the 
position of slot with respect to interpole. Accurate results can only be obtained by taking 
m«t» 4 )f permeances for various positions. 

An inspection of Fig. 4 56 will indicate that an approximation to the permeance of 
the path of the flux crossing from one tooth tip to next via interpole shoe is, when the slot is 
centrally placed under the interpole. 

Tooth top permeance, A t»n«--^ rea ^ ux P at ^_ 

length of flux path 




m 


2 Is < 4 If i 

Wip =*width of interpole 

length of air gap under the interpole. 

Wi 

Tooth top specific permeance X<=/*, 9 

4 tft 


Wip L 


where 


...( 490 ) 
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*Eqn. 4‘90 holds if the length of inurpole is equal to the length of the machine. But 
normally the length of the inicrpolc is between half to two-thirds that of the machine. For 
accuracy it would then be necessary to calculate tire permeance under the interpolc and that 
outside. However, an empirical formula given below holds good for average condition, 

-?• - (4 9|) 


Xr 


6 Igi 


41 3. Zigzag Leakage 

f-et .AT*-mmf per slot, y»»=stator slot pitch, 

H r /«==width of stator tooth, y.r —rotor slot pitch, 
lf<r=width of rotor tooth, 

H=magnetic potential gradient acting circuo feientially around the 
air gap. 

If a; be the distance between centre lines of a rotor and a stator tooth as shown in 
Fig. 4'57, then, 

AT. x 

Mmf between them, AT»*=.ff*=-. 

This mmf causes the flux to pass 
from one tooth to another. The permeance 
for the path of zigzag leakage flux will 
depend upon the relative positions of rotor 
and stator and the simplest way to find 
average effect is to sum li e stored magnetic 
energies in the various positions. 

Stored energy at any position. 

«** ATS A 

where A —permeance in a particular 
position 

For a tooth in position (1), 
p.L r H't.-f Wtr 1 

irL 2 '* J 


Ml 


Stator 


I 

IsssWSA 


Rotor 




WAVS, 



IT 


Aj< 


Position 1 


r sr 


Position 2 


for 


( 


Wu-Wtr Wt.+ Wt 


Trig. 457. Determination of zigzag permeance. 


'I 




Stored energy in position 1 

AT» a x * L 


„ r , AT»'z*L { Wu+Wu \ 

\ - - - ) 

For a tooth in position (2), 

LWtr for ( 0<*< — Y ' H ") 
Hence stored energy in position 2, 




AT,*L a;* 
U y«* 


IFir. 


♦Stored energy 
But inductance 


4 LI* 

1 T* 

"T T 


i Tin 1 

Stored energy —j- —j—(77)* 
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Adding these energies and finding their average over the rotor slot pitch y»t, 

. W.+ WW/2 

W0V “ih{\ Wxdx + 1 w * dx ] 

‘ UV U -H' tr )l2 0 

Hmo at.*l J" 


12/f yu y$r 


Zigzag permeance Ac- 


Wap 

MTV 

Zigzag specific permeance 

A * _ W ay 


Xc : 


L \LAT, 


-flo 


Wt. Wtr {Wu'+WiS) 
12 lg y u * y,r 


...(4 92) 


The following relationship may also be used for calculation of zigzag specific 
permeance 

(Wu+Wtr)* IAr ^ 

7fla 96 lg yj y,r - (4 ' 93) 


As 5 


o 


4'l4. Overhang Leakage. The exact calculation of overhang leakage is very 
difficult. This is because the overhang leakage reactance depends upon the length of 
overhang and its shape (whose 
geometry is quite complicated, the 
spacing between stator and rotor 
overhangs, and the proximity and 
configuration of the neighbouring 
magnetic and conducting parts like 
cores, clamping and stiffening plates, 
machine frame and retaining rings 
etc.). The leakage reactance also 
depends upon the degree of satura¬ 
tion in the ferromagnetic parts. 

Therefore, it is impossible to 
evolve a simple relationship which 
incorporates the above factors. 

Calculations based upon ideal shapes 
of coils yield empirical relationships 
which are unreliable. One of the 
relationships is : 

Specific overhang permeance 

...(4-94) 

L*Tty, 

where JT*«*sIot leakage factor which 
is taken from Fig. 4*58. 

T««poIe pitch, 

^"•length of conductor in 
overhang, 
y*«s*lot pitch 

The simple and direct method 
of calculation of leakage reactance 
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Fig. 4'5g. Slot leakage factor. 
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as given by Eqn. 4’94 fails to give a correct assessment of the overhang leakage permeance 
for turbo-machines especially turbo-alternators. 

4*15. Leakage Reactance calculations of polyphase machines 

Let Z »—conductors per slot, q —slots per pole per phase : 

p=*number of poles, 7'j>a= turns per pliase 

Let us first consider only the slot leakage flux and the leakage reactance produced due 
to it. Fig. 4‘59 (o) shows an arrangement where there are 2 slots of each phase under ana 



W <7-1 

Fig. 4 - 59. Effect of number of '■lots per pole per phase on leakage flux. 

pole. The width of each slot is Wt, the depth of the conductor portion is h and each slot 
contains Z» conductors, there being 2 Zs conductors of each phase under one pole. 

Let us consider the specific permeance of the conductor portion only. The specific 
permeance of each slot is 

x h 


Now the leakage flux travels through width of 2 slots. The magnetic circuit consists of 
eluctarice'oTTwd sTdts connected in series and therefore the resultant specific permeance is, 




Consider now that each phase has one slot under a pole (half the value used 
earlier). The 2 Z» conductors are now accommodated in one slot instead of two earlier. 
Therefore the area required for each slot is twice that of the first case. The width of the 
slots cannot be increased as this will result into a small cross-section for the teeth, resulting in 
a very high value of flux density in them—a high flux density in teeth is not desirable as it 
leads to large magnetizing current and also, the small cross-section of teeth may make them 
mechanically weak. Therefore, the depth of the slot is made two times the depth of the 
slot in the first case. This is shown in Fig. 4 59 (6). The height of conductor is now 2k. 
The specific slot permeance is, 

* - 2 * 

A** ’ 

~Phe leakage flux (for each phase) has now to cross only one slot width, therefore the 
resultams^iflcpettneance for the second case is 

2k 
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The rati3 of specific slot permeance with 1 slot per pole per phase to specific perme¬ 
ance with 2 slots per pole per phase is, 

_ fti ^2 A/3 W$ . 

A, A/6 W, “** 

The leakage reactance is directly proportional to specific slot leakage permeance. 
Therefore, the slot leakage reactance with 1 slot per pole per phase is 4 times the slot leakage 
reactance with 2 slots per pole per phase. Thus, the leakage reactance is inversely 
proportional to the square of the number of slots per pole per phase. It has been explained 
m subsequent chapters, that the rotating electrical machines—especially induction motors— 
should not have a small number of slots per pole per phase as otherwise they will have a 
large leakage reactance. 

Let us consider a general case now. 

Fig. 4'59 shows the slots of a phase under one pole. There are q slots per phase 
under one pole and they carry the same current. The conductors in slots of a phase under a 
pole produce leakage flux and thu leakage flux has to traverse the slots of a phase under one 
pole (q slots). Thus if A* is the specific slot permeance, the effective specific slot permeance 
ror slots of a phase under one pole is A »{q, as these permeances are in series as shown in 
Fig. 4‘59 (a). The conductors producing this leakage flux are : 

conductors per slot X slots per pole per phase 

From Eqn. 4'67, reactance Jf=*2*e/T , Z-A 

Now for conductors of a phase under one pole T*=*Z» q, also A=Af/g. 

Slot leakage reactance of conductors of a phase under one pole 

-2*/(&?)* L-~ ~2*fZ,’ 9 LU 

If the conductors of a phase under all the poles are connected in series, the. slot 


leakage reactance per phase, 

xi**p X 2rtfZ$*qL\t sm 2nfpqZ» , Lh 
But Zt**2Tfhlqp 

L*. 

-8 *fIM (tyqp) ...(4-95) 

Similarly, 

Overhang leakage reactance per phase, x*<~8nfTpn l L$ lX»Jqp) ...(4'96) 

Zigaag leakage reactances per phase T^L (VfP) —(4* 7) 

Tooth top leakage reactance per phase xtftnfTpk'Mh/qp) ...(4*98) ' 

Harmonic leakage reactance per phase Asa>8nf7WZ(Xs/ffP) •■•(499) 


4T€. Leakage wkh fractional pitch windings. If the winding in a machine is 
chorded the two coil sides in any given slot will carry currents differing in phase by an angle 
a, the angle by which the winding is short pitched. 

Specific slot permeance of bottom coil side, for its own flux, Aa is given by Eqn. 4*81. 
Specific slot permeance, corresponding to flux produced by top coil side and linking with 
bottom coll side, Ass^Am, is given by Eqn. 4*82. 
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As the .winding is chorded bv an angle *, the current in coil side A differs in phase 
from that in cost side B by an angle a (Fig, 4‘51). The component of current in coil side A 
m phase with current in coil side B is proportional to cos a. 

Specific permeance for bottom coil side, — - 

and similarly specific permeance for top coil side 

. ^a-\-X ba cos a 
A* j — 

where Ab is taken from Eqn. 4 80 and XaA=*AB=\m is taken from Eqn. 4*82. Since each 
coil has one coil side in the bottom and the other in the top of a slot, specific slot permeance 
with chorded winding is : 

\ A»_Arf+Aa+(A, 4 *-f-Xiii«) cos « A/t-f-AB4-2A/«a cos * 

A# _ — ■' 1 - -— i —- , -■ 3 *t -- ■ —— 

2 4 4 


Specific slot permeance of a full pitched winding (from Eqn. 4'83), 

» _.A^+Ab+2X^b 
**--- 


The slot pitch factor. 

jr ». A>«+Ab-1-2A4b cc 
A^+Ab+2A^b 


...(4100) 


This is the factor by which the permeance cf a chorded winding is reduced. This 
factor should be introduced when finding out the slot, tooth top and zigzag leakage reactances 
this is the factor by which Eqns. 4'95, 4‘97, 4'98 and 4’99 should be multiplied to obtain 
leakage reactance of chorded windings. The expression for finding out over hang leakage 
reactance (Eqn. 4*96) already includes the effect of chording. The value of K» can be direc¬ 
tly obtained from Fig. 4'58. 


Example 4 12 A 3 phase, 60 Hz, 6 pole induction motor has 3 dot* per pole per phase. 

f/tv b/mm iAi M/iil ,. /!« TO —— J il__Art f * 4 . ■* 


The dolor con length it O'12 cm and there are 226 
turns per phase in stator. Two alternative sites 
of almost equal area [Figs. 4'60 (a) and (6)} are 
available, for stator slots . Calculate the stator slot 
lea huge reactance per phase in each case and 
ed nm ent on the result. The machine has a single 
layer winding. 

Solution. 

For Slot of Fig. 4*60 (a). 

Specific slot permeance, (See Eqn. 4'72 
for parallel sided slots) 


-!**r 



A#«*/*• 


r_*i- 

L3 w. 


4-SSr-f 
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»4«X 10 
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,r 28 


r»i _—4 
L3XI0-5 


easousraof- 


■se—*} 

(d 

Fi«. 4 «. Stator slots (AH dimensions In mm). 
1 . 2X35 


ta> 



10-5 


10-54-3 + ~3 


r} 


c 23 1 x 10-* 


From Eqn. 4*95, stator slot leakage reactance per phase 

i( dt )-8» X50 x (my X012X?I1SI21'_0'9* 0. 
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For Fig. 4'60 (b) ' 


Ai=4i* X 10 


L 3x 


35 , 1 0, 2X3 5 , _1_ 

8 5 ^ 8 5 8-5+3 3 




*305 X10“ T 


/. Stator slot leakage reactance per phase 

*,=8*x50X(225*)*XO'12 ( 3 °|^ 7 )^r29 Q. 

The leakage reactance in the case of (6) is higher. Thus a deep and narrow slot gives 
a high value of leakage reactance as compared with a shallow and wide slot. 

4T7. Leakage in salient pole machines. The leakage flux from salient poles can 
be determined accurately only by the method of flux plotting. However, the problem can be 
solved approximately in an idealized arrangement where pole axes are assumed parallel. 
This approximation is true only in the case of machines with large diameter and large 
number of poles. 

Fig. 4*61 shows an idealized arrangement for non-interp^le machines. There are four 




Fig. 461. Leakage ia salient pole machines. 

# tl the leakage flux between the pole shoe inner surfaces, 

O,, the leakage flux between the pole shoe end surfaces, 

4|, the leakage flux between the pole body inner surfaces, 

# 4 , the leakage flux between the pole body end surfaces. 

The total leakage flux is the sum of all the above leakage fluxes. Owing to the leakage 
flux, the pole and yoke carry larger flux. This results in larger pole and yoke sections or 
ilternatively a larger mmf for the windings. 

In the analysis given below the assumptions made are : 

(♦) the reluctance of iron parts is negligible and (ii) the leakage flux passing toihi 
yoke directly is negligible. 

Let 4T«=total mmf of each field coil, .47V—mmf required for each air gap, 
ATt^mmf required for teeth, 47V*=mmf required for core, 

ATt-**mmf required for pole, .A TV*" mmf required for yoke. 

AT^ATrbATt+ATc+ATt+ATt. 
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The ramf causing leakage fluxes *J>j and acting between points A and if 

=*=2(total mmf/pole) —2 (mmf required for pole and yoke) 

^llATg+ATt+AT'+ATp+ATA-KATt+AT,] 

=>2[AT,+ ATt+ATi\='2ATi 
where, ATi=*ATg + ATt + AT» 

Then, 4>j5=mmfX permeance of flux path=2 ATiXft 0 ~~X2 

Ci 

=4^^ L '£ ...(4-101) 

The factor 2 is used as there are two paths per pole such as path 1. 

For there are four paths per pole such as path 2 on each pole. Assuming the path of 
flux 4> 2 to be made up of two quadrants and a straight line in the middle. 

*,= 4 * 2 . 4 ^, JjgL 

0 4 

=»#•« ATi log* (l + ^ ) ...(4-102) 


The mmf causing fluxes <I>, and is almost zero at the yoke increasing steadily to 
2 ATi at the pole shoe. 

The value of mmf acting between M and .W*-average of mmfs at the two extreme 1- 

-ATi. 

Therefore, with two paths such as 3 for <J> S and four paths such as 4 for €>«, 


...(4103) 

Up 

a»d *,~4 ht A7', 

0 

=*4ptATi ~ log* ^ 1+ ^ ...(4104) 

Hence, total leakage flux from pole shoes 

=*4 1‘47 hi log 10 ( ...(4105) 

Total leakage flux from pole body O p t *® B +®4 

-2^{^ + ^,o g .(, + ^;)] 

=2 > ‘ 47 lo Sio ( 1 + |r)] ...(4-106) 

Hence, total leakage flux 4>i =<!>«/+ •!>»./ 

“ 2 +~) + 1 47 {*• lo 8*«( 14 "20p) 

+2A. logi,( !+—)]] ...(4-107) 
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In machine*, the length of pole is normally equal to length of shoe or L P **L», 

+ 147 1+fc')+2*. log,„( 1+—)]] .. (4108) 

The value ofleakage flux obtained from the above expression is less than the actual 
value as the method of calculation assumes a much restr icted path of leakage flux. Actually 
in view of the assumptions made there is considerable discrepancy between the calculated 
and actual values of leakage flux. However, the treatment above gives a reasonable first 
approximation. The following relationships give approximate values of leakage fluxes. 

4>,i*»40ATxl0- 8 ...(4109) 

and Qpi- 160 AT X10"* ... (4’ 110) 

If the value of useful flux is thp flux at the back of the pole shoes■= (<h m +^it), 
and the value of flux at the root or poles near the yoke«=(6»«-f 


Leakage coefficient at the root of poles, 

„ total flux _4>»-{-<!>«t+Qgi \ 

useful flux \ <&« ) 

The leakage co-efficient normally vaties between 1* l to 1 *2,the larger values applying to 
smaller machines. 


4*17*1. Effect of Saturation and load on Leakage Co efficient. The path of the 
leakage flux is mainly through air and to a close approximation the leakage increases in 
direct proportion to total mmf absorbed by gap, teeth and core. The reluctance of teeth and 
core is not constant but varies according to degree of saturation in the teeth. With saturation 
the mmf required by teeth increases considerably and so the value of leakage flux and 
hence leakage co-efficient increases rapidly with saturation. 

Let ATi*= mmf for gap, teeth and core at normal voltage V, 

i47’i 1 «*mmf for gap, teeth and core at voltage V u 
and CWleakage co-efficient at voltage V. 

Leakage co-efficient voltage V 1 is : 

*FT (Oi-D+l. ...(4-U2) 


When a machine is loaded, the armature reaction is increased which decreases the 
value of useful flux. In order to compensate for the loss of useful flux, the excitation is in¬ 
creased. This increase in excitation results in larger values of leakage co-eficient. Hence 
the leakage co-efficient in a loaded machine has a larger value as compared with that in an 
unloaded machine. 

MAGNETIZING CURRENT 

4*18. Calculation of Magnet]stag'' Current. The total mmf to be provided by 
the exciting winding is the sum of mmf for the several series parts of the magnetic circuit. 
The value of exciting or magnetizing current depends upon the total mmf required, the num¬ 
ber of turns in the exciting winding and upon the way in which the winding is distributed. 


4T8T. Magnetising current for concentrated windings. In a concentrated 
winding, it is permissible to assume that whole of the flux links with all the turns. For this 
case if AT is the total mmf and T is the number of turns of the magnetizing winding, the 
magnetizing current is : 



.-(4*113) 
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Thu is the situation in transformer? and in salient pole machines. In tramfoiimrs, AT 
u always calculated on the basis of maximum flux density, and hence Eqn. 4*113 will give 
maximum magnetizing current The r.m.s. value of magnetizing current is found 

from the following relationship. 


K,* 

w ^* re lfj>»“peak factor. 


...(4*114) 


Since the current wave shape is not sinusoidal in general, Kp% differs from 4 2 and its 
value increases with the saturation of iron and can be obtained from maker's test data. 


Magnetizing current for distributed windings. In a distributed magne* 
ti»ng winding, the flux docs not link with all the turns. A relationship can be established if 
the flux and the mmf are distributed in a known simple configuration. 


(») Sinusoidal flux distribution. If the flux is steady and is sinusoidally distil- 
buted In space, the value of magnetizing current is : 



...(4*115) 


where, AT* “mmf for the peak flux density A*. If the flux pulsates sinusoidally in both 
time and space with a maximum flux density B m , the r.m.s. value of magnetizing current 
is: 



«♦» 


(4*116) 


A three-phase winding uniformly distributed in space with 60° spread and extited with 
balanced sine wave currents, gives the amplitude of fundamental of magnetizing tmnf 


AT\ 


2*7 ImTpkKwj 
P 


...(4TI7) 


(This relationship is derived in Chapter 6) 
where, /•.«* magnetising current per phase* 

TV*“number of turns per phase, 

Km “winding factor for fundamental, and p“ number of poles. 
The value of magnetizing current per phase (Eqn. 4* 1171 


In 


0 37 p AT mi 

KwiTfh 


..(4M8) 


(h) Non sinusoidal flux distribution. The mmf distribution ia the-air gap can 
be taken as sinusoidal to a close approximation. If there is no saturation in the iron parts 
of the magnetic circuit, the flux density distribution in space is also sinusoidal. But owing to 
saturation in iron parts, the mmf produces a flat topped flux wave, which may ba represented 

by: 

As “A*sin sin 3 04"sin Jl^.x... 

where, A* “flux density at an angle 6 froth neutral axis. 

A m#> ^ etc. are the maximum indues of fur dr mental, 3rd harmonic amt 5th has* 
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monic flux densities respectively. Gener- 
ally, the harmonics above the third 
are small in magnitude and to the 
flux density wave shape can be consi¬ 
dered to consist of a fundamental sine 
wave with a super-imposed third harm¬ 
onic. This case has a special significance 
in the case of induction motors. Fig. 4‘62 
shows the flux distribution in the air 
gap of an induction motor with mode¬ 
rate saturation. 

# 

To calculate the required mmf 
any closed path can be chosen provided 
the flux density atong that path is known. 

If we choose a path along the pole cen¬ 
tres, the value of mmf cannot be calculated as tne flux density along this path is not known, 
because the knowledge of this flux density involves the knowledge of third harmonic compo¬ 
nent. 

Suppose we take two points which are displaced 60° from the inter polar axis (i.e. 3U° 
from the pole axis). 

Flux density at •*=60", 

sin 60°+2f m| sin 3 X60°«»B W1 sin 60° 

-^2-Sm. ...(4119) 

It is clear from the above expression that B t0 is the same whether third haimonic com¬ 
ponent is present or not. And this is the reason for preferring this path for calculation of 
magnetizing mmf in an induction motor. 

Now 2? mi is sinusoidally distributed, 



Fig 4-62. Flux-density distribution in space with its 
fundamental and third-harmonic components. 


B m 


n „ w 

—- 


m t 2 ~"' 1 ~ 2 A , 

where, fundamental flux prr pole, Ai* 5 effective area of each fundamental pole, 




Ba*i — average flux density in air gap= -r~ (fundamental component) 


We have. 


VT 

V- B 


4 T 


2 2 2 

*=I‘36 Bavi- ...(4120) 

The calculations for the remainder of the magnetic circuit, which is affected by the 
noil-sinusoidal flux distribution, can be worked out in a similar manner. 

The mmf acting at 0*60°, 


B 


<*•1 


AT, 


Iph* 


- *AT mi sin 60° * 

0-427 p AT„ 
Kmi Tph 


■-/- AT m 


,VT ^ n.j hhTphK *i 

2 p 


...(4121) 


UNBALANCED MAGNETIC PULL 

4’ 19. Magnetic Pull (Force). Consider an electromagnet arranged as shown in 
Fig. 4’63. Let us find the magnetic force between the two poles. 

F «»force between the two pohs, N ; x dthsity in sir gap, Wh/m* ; 

A®* area of each pole, m* ; 
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If one of the poles is moved by a distance tlx, Work done»J' , d* 

This work done is equal to the change of energy stored in magnetic field. 
Change in energy stored in magnetic field 

■■energy density X change in volume 


rs J3* 

— XA dx^i —A dx 
Mo Mo 


or 


B* 

F dx=*± — A dx 
Mo 

— A N 
Mt 


.0 051 — A kg ...(4*122) 
Mo 


Hence from above, 
pull or force per unit area 

Pm=\— N/m 1 -0-051 —kg/m* 
/*o Mo 


...(4-123) 


The flux density in the air gap, B, depends upon 
the mmf of the exciting winding. Let AT be the total 
mmf of the exciting winding. A portion of this mmf is 
required for the air gap and the rest for the iron parts 
of the magnetic circuit. Let ATg be the mmf required 
for the air gap and ATi for the iron parts. 



AT**ATg+ATi 

Now, B~ m where ^“length of air gap. 

.*. From Eqn. 4* 122, force 

t-)' a N 


Fig. 4 63. Magnetic force 
between two poles. 


..(4 124) 


If there is no saturation in the iron parts, the mmf required for them is small and 
therefore AT*»AT§. 


'Otis gives 


■*Mo )*A N-0 051 (^ Ja kg ...(4125) 


4*20 Radial magnetic force* in rotadag machines. Consider an ideal 2 pole 
machine as shown in Fig. 4*64. The rotor is set symmetrically within the staitor bore. The 
rotor is, therefore concentric with the stator and the gap surfaces of both rotor and stator are 
purely cylindrical and thus length of air gap is uniform everywhere. The rotation of the rotor 
is on account of the formation of poles of opposite polarity on stator and rotor which exert 
a tangential force on the rotor. However, a much stronger magnetic force of attMction 
takes place between the stator and the rotor poles acting along a direction perpendicular to 
the rotor shaft axis. These forces therefore act radially. Suppose flux density B is 
uniform in the airgap. 

The force of attraction between top stator and rotor poles is t 

A“i Mo (ATg/lg)* A 
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where J8=flux density in air gap, Wb/m* ; 1$ =* length of air gap, m ; 

ATg-^mmf per pole for air gap, A ; A=area per pole, m* ; =nDLf2 
D —stator bore, m; axial length, m. 

If mmf required for the iron parts is negligible, the total mmf is consumed by the 


air gap. 
Now, 


A? 1 **total mmf per pole, A. For no saturation 
F,-* UTJl,)' A 


ATt-AT 


In a symmetrical machine the mmf per pole and the area per pole are the same for 
all the poles. Since the length of air gap is uniform, the flux density in the air gap r 
uniform. 

.*. Force of attraction between the bottom stator and rotor poles 

F,-i —a^aat/wa. 

Ms 

Forces F x and F% are equal and act in the opposite direction and hence their 
resultant is equal to zero. Therefore, in a symmetrical machine there is no resultant radial 
magnetic pull on the rotor. 

In the analysis given above, a uniform flux density distribution has been assumed 
m the air gap. However, in alternating current machines the flux density distribution is 
not uniform but is sinusoidal. 

Let us consider an elemental angle <J0 at an angle 8 from the x axis. 

Flux density in the elemental angle, B*=Bm sin 8 
Radial force acting on the elemental strip 
- ~ (R» sin 8)* ~ 48= ~ Bm DL sin*8 id. 

Vertical component of the above force is : 


- r- Bm * DL sin‘6 46. sin 8 
*Ma 


- A — Bm* DJ, sin* 8 48. 
4po 


Stator 


Air g< 



Stator 
Rotor 

Rotor Air gap 
x 



FI*. 4 64 Radial magnetic fences ia 
symmetrical machine 


Fi*. 4.65 Unbalanced magnetic pull 
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id] 


Resultant magnetic pull per pole acting vertically 

* 

DZrJiin* 9 db. 

tHe m N 


...(4-126) 


If the integration is carried over the whole periphery *.e. 0<6<2* the resultant 
pull is : 

2n 


B m * Dxjsin* $ d8«*0. 


The resultant pull w zero, th_s is because the pull (B m *l 3/i„) DL of one pole is balanced by an 
equal and opposite force on the other pole. 

It is necessary to allow dimensional tolerances during the process of manufacture of 
electrical machines. These tolerances are allowed on core-plate stampings, core assemblies, 
frames, end covers and bearings. The manufacturing costs are lowered in case wide toler¬ 
ances are given. However, wide tolerances result in variations in the length of air gap 
which give rise to unbalanced magnetic pull (U.M.P.) as explained below. 

Let us now consider a machine whose rotor is not concentric with the stator as shown 
in Fig. 4'65. The length of air gap at the top is 1 $, while the length of air gap at the bottom 
is lit- The eccentricity may be c«used by many reasons, the foremost being manufacture 
tolerances, poor quality of machining and wear of bearings. ‘The wear of bearings causes the 
shaft to sink resulting in the air gap at the top (lei) becoming longer than the air gap, (let) at 
the bottom. 


The force of attraction between the top stator and rotor poles, 

(ATMA 

#*o 

where Reflux density in the air gap at the top, 

AT 

"“Mol— saturation t- ■ -n-ts is . Iccied. 

Hi 

.Similarly, force of attraction between bottom stator anu r\., 

Ft=\—A=knt (ATM A 

#*• 

AT.. 


where 


- if saturation in iron parts is neglected. 
27 ( »flux density in the air gap at the bottom. 


It is evident from above that force F t is greater than F x since l*s < 4i • Since F t >F % 
and hence a resultant radial force (pull) acts on the rotor in the downward direction. This 
force or pull i* called the Un ba lanced Magnetic Pull (U.M.P.) 


It should be borne in mind that it is not only the irregularity of the air gap that causes 
unbalanced magnetic pull but also any other asymmetry in the magnetic circuit or 
windings would cause U.M.P. 

4*21. Calculation of unbal anced magnetic fall. When the rotor of an electric 
ma chine is concentric with the stator, the radial pull of all the poles on one side of the 
i<iamrt«r j| exactly balanced by the pull of pedes on the opposite side. If on account of 
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any defect like wear of bearings or improper assembly of any part, the rotor is not concentric 
with the stator, the air gap is not uniform over the periphery. This would give rise to an 
unbalanced magnetic pull which tends to draw the rotor over to the side where the air gap 
between rotor and stator is smallest. Eqn. 4' 122 is self explanatoty in this respect. This 
equation shows that the pull is inversely proportional to square of length of air gap in case 
the mmf required for the iron parts of the magnetic circuit is neglected. 

Let P»*pull per unit area with normal air gap It, 

and 8»length of air gap as modified by displacement of rotor centre 

Pull per unit area with displaced rotor=Pm 

The pull is exerted radially along the centre of area considered. 

Consider the case of a rotor where it is displaced vertically downwards as shown in 
Fig. 4 66 (a). 



Fig. 4-f 6. Machine with rotor displaced vertically downwards. 

The end view of rotor is shown in Fig. 4'66 (ft). 

Let «=*displacement of rotor along downward direction, 

and Dr “diameter of rotor, L*=lcrgth of machine core. 

Modified length of air gap at the top along vertical axis=ij+d. 

Modified length of air gap at the bottom along vertical axisd. 
Referring to Fig. 4'66 (ft). 


Conaider a differential strip at an angle 8 from horizontal axis, the axis of this strip 
being >L4\ 

Modified length of air gap at the top along AA, ln—lg+d sin 0. 

Modified length ojf air gap at the bottom along AA', — d sin 0. 

There are two forces acting in the opposite direction on the rotor along axis AA. 

Pull per unit area on the rotor along AA 


*** [((#—« sin 0 ) ( J,+e\in lY] 


The expression within brackets is approximately equal to 4 (ejk) sin 0 as « is compara¬ 
tively small. 

Pull per unit area on the rotor along AA' due to a pair of poles 
-4P»-£sin0 


.(4127) 
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Vertical component of the pull per unit area 


«=(4 IV^-sin 8) Xsin 0 


p i B ' 
ai Pm=i -■, 

1*9 


**4P«rr-sir«* 6 

tf 

- JJ* • . t . 

■Z-. -r- sin* • 

1*9 h 

DL 


Now area of strip *» — d8 


Total vertical pull acting on the strip **®4 Pm-~- sin*6 — J rf 8 

IQ 


...(4128) 

..(4129) 


-2 P m DL —sin 1 0 dl. 
h 

Total pull acting on the rotor in the downward direction due to a 
pair of poles (unbalanced magnetic pull U.M.P.) 

R 

P„-2 P m DL (e/1,) j sin 1 8 d* 

0 


«it D LPm~ ...(4130) 

h 

-..(4 131) 

1*9 h 

Now, area per pole A—nD i/2 (since we are considering a pair of poles) 

U.M.P.“»2 A P m e/if ...(4132) 

The formulae developed above for the calculation of unbalanced magnetic pull for 
a pair of symmetrically placed poles may be easily modified to render them applicable to 
machines without salient poles, such as induction motors or to machines having a large 
number of salient poles. 

Unbalanced magnetic pull due top poles, U.M.P. =* pole pairsX Pp 


X2 A Pm e/l, - pAPme/l , 


...(4133) 


The above analysis has been done assuming a uniform value of flux density in the air 
gap. In general the gap flux density is not uniform. The values of flux density vary consi¬ 
derably over the gap surface under the pole face as, for instance, in a.c. machines under 
all conditions of loading, and d.c. machines under heavy load, when the flux distribution is 
distorted by the armature reaction. Under such conditions it becomes necessary to calculate 
the pull for several small areas over which the flux density is approximately constant 
and add these together to obtain total unbalanced magnetic pull per pair of poles. 

In the case of machines, where the flux density distribution is sinusoidal, it is possible 
to obtain mathematically an expression for U.M.P. based upon r.m.s. value of flux density. 

For sinusoidal flux density distribution the unbalance! magnetic pull per pair 

of poles : 

^JB 1 -f (See Eqn. 4-131) 

1*9 U 





...(4*134) 


The simplified analysis given ab>ve assumes that stator and rotor axes, though dis¬ 
placed, remain parallel, which is not ton in many cases such as when the alignments of 
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the two bearings differ. When calculating unbalanced magnetic pull in machines with 
sinusoidal flux density distribution it has been assumed that the peak value of the flux density 
remains the same irrespective of the eccentricity which is not correct. The unbalanced 
magnetic pull has been calculated for the worst possible condition i.e. the U.M.P. has been 
calculated for the case where the eccentricity is coincident with the axis of maximum flux 
density. However in practice the two are not coincident always but the position changes 
with load and speed. 

Example 4’13. The following date, refers to a 55 kW, 4pole d.e. generator : 

normal length < / air nap—5 mm ; area under each pole face—45 >' 10 * m* ,flux density 
under jtole centre with normal air gap^O‘75 Wbjm *; vertical displacement of rotor ^-0'8 mm. 

Calculate : 

(а) the unbalanced magnetic pull acting downwards if the poles are centred 4F with 
the horizontal axis, 

(б) the unbalanced magnetic pull acting downwards if there were, only two poles placed on 
the vertical axis. 

Solution, (a) Magnetic pull per unit area with normal flux density 

J»«-4 — «ix " °/i 7 P r =*223 8x 10 * N/m*. 

Ho 4nX 10 7 

Unbalanced magnetic pull per unit area acting downwards due to a pair of poles 
**4 Pm p-sin* 0 (See Eqn. 4128) 

~4X 223 8X 10*x ^|x(0707)**71-6x 10* N/m*. 

Unbalanced magnetic pull acting downwards per pair of poles 
-71-6>> iO*x45xlO-*-»3223 N 

Thcri.' are four poles or 2 pairs of poles. 

Total unbalanced magnetic pull acting downwards «=*2 X 3222*■6444 N. 

(6) The pull with 2 poles centred on the vertical axis can be calculateJ from Eqn. 
4*128 by putting 6*=90°. 

Unbalanced magnetic pull per unit area acting downwards for 2 poles on vertical 

axis, 

*=4 X 223 8 X 10* x °‘- x (1)*~143 2 X10* N/m*. 

5 

Total unbalanced magnetic pull acting downwards with 2 poles on vertical axis 
-143 2 X10*X 45 X 10~»«6444 N. 

This unbalanced magnetic pull is the same as with 4 poles centred 45° with horizontal 
axis. From above, the poles should not be kept along the vertical axis as this arrangement 
results in high U.M.P. 

(The problem has been solved by assuming that the flux density is 0.75 Wb/m* every 
where under the pole face. However, this is not true as the flux density falls down near the 
pole faces). 

Example 414. Find the maximum out-of balance magnetic pull (unbalanced magnetic 
pM) for a 4 pole , 45 kW d.e. motor for an eccentricity of l mm in a normal air gap length of 
ft mm. Assam a rectangular flax distribution under the pole are will a flax density of 
$‘895 Wb/m*. The pole are subtends an angle of 60 \ The area under the pole are m 
li X10-* a*. 
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Solution. The arrangements of poles which give rise to maximum magnetic puli for 
a 4 pole machine are : 

(») 2 poles on the horizontal axis and 2 poles on vertical axis ; 
and (it) all the 4 poles centred at 45° with vertical axis. 

These two arrangements give the same value of unbalanced magnetic pull as has beer* 
shown in Example 4'14. 

Let us consider the first arrangement wherein 2 poles aie on the vertical axis and 
while the other 2 *re un horizontal axis. The arrangement is shown n Fig. 4.67 The pair 
of poles which are arranged vertically only contribute towards the unb alanced magnetic pull 
while the poles arranged horizontally do not con¬ 
tribute to unbalanced magnetic pull. L> t us 
consider an elementary strip at an angle 6 from 
vertical axis. 

The radial flux density B under the pole 
arc is uniform and has a value of 0’ 893 Wb/nr , 

The vertical component of the air gap flux 
density*= B cos 6 . 

The length of air gap at angle 0 from the 
vertical axi>«*£+« cos 0 . 

Eqn. 4*127 can be modified to take into 
account both the variatirns in vertical gap 
density and also the change in reference axis from 
horizontal to vertical. 

Fig. 4-67 

Pull per ur.it area on rotor along an axis 0 from vertical axis 

*»4Xjp- (B cos 6 )* X - 7 -cos 6 
2po U 

*■2 — -p-cos* 0. N/m*. 

Ms 4 

If the area subtended by angle <16 over the corresponding length be A <{ 6 , the total 
unbalanced magnetic pull acting downwards is 

30 8 

cos* 0 d 0 

-30“ 

x32x1 °-’ xr^iH 860 N - 

as A “32 X10”* and the integral is 1 1/12. 

Esasnple 413. A 75 kW, 50 Hz, 2 pole machine with sinusoidally distributed Jinx has 
the following design data': 

Axial length of core—0’2 m : Stator borc^OS m ; length of air gap** 5 mas; peak 
magnetizing mmfper pole**4500 A. Calculate 

(*) magnetic pull per pole when the rotor ie symmetrically centred, 

(it) unbalanced magnetic pm’l if the rotor axis is displaced by 1 mm, 

(sis) ratio of unbalanced magnetic pull to useful force. Neglected saturation. 


U.M.P.=*2 — - 7 -1 
ue hi 
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Solution. Since there is no saturation the entire magnetizing mmf per pole is used 
for the air ga^. 

~ „ m* 47» 4«x 10** 7 X.4500 , 

Peak value of flux density - =*— 5 y ’ |Q~» -“113 Wb/m* 

(») The flux distribution if sinusoidal, 


From Eqn. 4126 magnetic pull per pole*^—Z)L 

= n i3)»x0'5x02 
J x4*X 10~ 7 


W 
‘o 

33900 N=33*9 kN 


(»») Unbalanced magnetic pull per pair of poles: 

5«* ~ (See Eqn. 4134) 

= 4 l ^» 5 x lP~ X(1 ' 13),X f 16000 N " iG kN - 


l Hi) 


„ , 2/ 2X50 P „ 

Sp^cd — —== —— =50 r.p.s. 

Useful torque T— g^^o * “238‘7 Nm. 


Useful force F* 


T _238'7 
D/2 ”o*5/2 


*954 8 NtatO‘95 kN 
16 


Ratio of unbalanced magnetic pull to useful 4orce=^^: = 16*8 


4 22. Effect of saturation on unbalanced magnetic pull. The relationships derived 
in Art. 4'20 and 4'21 arc based upon the assumption that the total mmf is consumed by the air 
gap. But with the reduction of air gap, the gap reluctance decreases giving rise to saturation 
in iron parts. Thus the assumption that the flux density is inversely proportional to the 
leng:h of air gap is not valid on account of saturation. However, with displacement of rotor, 
there is mod .‘rate saturation onty and results obtained from relationships derived earlier are 
fairly correct. Moreover, the results obtained from those relationships are on the higher 
side. 


In induction motors where the length of air gap is very small and therefore even a slight 
eccentricity may cause saturation. It has been found experimentally that the unbalanced mag¬ 
netic pull is proportional to the eccentricity t where t—eflt for eccentricities not greater than 0'1. 
The increase in U.M.P. for * octween O'l to 0'3, the increase is small on account of saturation 
since saturation limits the v lue of peak flux density. Leakage flux, which increases with load, 
saturates tooth tips and therefore U.M.P. is greater under light or no load conditions. 

The saturation in the iron parts of the magnetic circi.it can be taken into account by 
using an equivalent length of air g^p instead of the actual length of air gap in the expre¬ 
ssions already derived. The equivalent length of air gap determ : ned by a graphical method 
using magnetization curve of machine. This method is explained in Example 4‘16 

Example 4 16. Calculate the unbalanced magnetic pull in a machine with the following 

data : 


Normal length of air gap***l mm ; normal gap flux density=0 65 Wb/m* ; stator core 
length^ O'33 m ; pole piteh=0'28 m ; number of poles=8 ; height of stator and rotor teeth 
=40 mm each ; flux density in stator and rotor teethe 1’6 Wb/m*. 


The B-'at' for the material used for stator and rotor teeth is 

given below: 

Flux density 

Wb/m* 

1*2 

1*6 

1*1 

2*0 

2*2 

•or 

A/m* 

600 

3.600 

10.000 

24,000 

70,000 


The vertical displacement of rotor is 0*25 mm. 
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Solutien The calculations for magnetisation curve with normal air letigth are given 
below : 


Flux density in teeth 

Wb/m* 

1 

1 

1-2 

16 

18 

! 

2-0 

2-2 

‘ar* for teeth 

A/m 

600 

3,600 

| 10,000 

24,000 | 


Mmf for stator and rotor 
teeth 

‘ar'xO-OS A 

! 

48 

288 

800 

1,920 

5,600 

Air gap flux density 
Jtp-*(A ( /|-«)x0‘65 

Wb/m* 

D 

0650 

0-731 

0-813 

0-894 

Mmf required for air gap 
—800,000 Bl t A 

1 

390 

520 

315 

650 

715 

Total mmf 

A 

438 

808 

1,385 

2,750 

6.31$ 
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ELECTRICAL MACHINE DESIGN 


The magnetization curve is plotted between total mmf and the flux density in the air 
as shown in Fig. 4 68. Draw a horizontal line QP at the normal working density, 0’65 
/m* in this case. Mmf required for an air gap length e for normal working flux density, 
=800,000 5 ff e=800,000 x 0-65 x 0‘25xl0 _ *«130 A. 

Referring to Fig. 4'68, choose a point K on the magnetization curve near the normal 
working flux density (0’65 Wb/m*). Draw a vertical line KL and lay LM =80,000 Be** 130 A 
(in the case). At M draw a vertical line cutting the magnetization curve at N. Join K and N. 
Draw a line OP ircm the origin parallel to chord KN and cutting the horizontal line 
QP at P 

The equivalent length of air gap which takes into account is given by : 


‘'•“(Sr) '“(if ) X0 «» 5 W -■». 


as 


QP** 2960. 

Area per pole 4=pole pitch Xaxial length of core 

Pull per unit area with normal air gap 

1 v (0"65)* 


*028 X 0 33 *=0-0924 m*. 


p -JL*L«_ 

" 2 mo 2 

Total unbalanced magnetic pull 

U.M.P .=pAP«-.- 

if 


4« X 10 


-7 


168-1 X 10 s N 


(See Eqn. 4133) 


=8 X 0‘0924 X1681 X 10* X 


0-25 

569' 


=5460 N. 


4 221. Practical aspects of unbalanced magnetic pull. Some of the practical 
aspects of unbalanced magnetic pull that must be taken into account while designing electri¬ 
cal machines are given below : 

(*) Unbalanced magnetic pull is very large especially in induction motors. This 
is became even a small eccentricity can cause a fairly large unbalanced magnetic puffas 
the length of air gap in induction motors is very small; in many cases it is less than a mm. 
In induction motors, the length of the air gap must be made as small as possible in order to 
obtain best operating conditions, the foremost being the power factor of the machine. Every 
care must be taken to keep this air gap uniform around the rotor periphery. In order to 
maintain the uniformity of the air gap in induction nfotors, the following aspects are incorpo¬ 
rated in their design and manufacture. 

(а) Ball bearings are used so that a good alignment can be maintained over a long 
period. The use of bail bearings prevent wear and also reduce noise. 

(б) Stator windings of induction motors are designed with parallel paths having equalizer 
connections. These windings are so connected that they provide automatically a mitigating 
influence to overcome the effects of the unbalance. 


(e) Induction motors are designed such that they have a rigid shaft of small length 
and also they .are provided with bearings of bigger size. A stiff and short shaft gives 
negligible eccentricity and therefore the U.M.P. is small. The use of bigger bearings gives an 
almost perfect concentricity for rotor with stator. 

(is) Certain slot combinations of rotor and stator slots have a strong tendency to 
pro uce noise and vibrations. The slots on both stator and rotor produce harmonic fields. 
If two harmonic fields, with number of poles differing by 2, co-exist in the air gap of an 
induction motor, they produce unbalanced radial magnetic pull, and conesquent radial 
vibration of rotor as a whole. Also* symmetrical radial forces ot high frequency are produced 
by the super-imposition of rotating magnetic fields due to different pole numbers. These 
phenomena create stator vibrations and magnetic noise. 

Noise production is greatly accentuated by U.M.P. especially if its variations corres¬ 
pond to natural frequency of the stator structure. During the starting period of induction 
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motors, the U.M.P. has an alternating component at the rotor slot frequency and sets up 
vibrations at speeds given by the natural frequency dividul by the number and rotor slots, 
and thereby possibly producing noise. 

(»»») There is considerable homopolar flux provided in 2 pole machines due to assy- 
metry in the air gap. The flux path is completed through shaft and frame. There is 
modulation of the air gap length which induces an emf in the bars of squirrel cage windings 
of induction motors. This effect may be counteracted by use of parallel paths and equalizer 
connections in the stator windings. 

FIELD FORM 

4*23. Introduction. The flux, in passing from poles into the armature, does not 
coniine itself over the pole arc, but spreads out over the entire pole pitch. The flux will dis¬ 
tribute itself in the air gap in such a way that the total reluctance is minimum. It is some¬ 
times advantageous and necessary to determine the distribution of flux or field form in the 
air gap. For example, in d.c. machines, it is absolutely necessary to know the field form, in 
order to have knowledge of commutation conditions. In a.e. machines the flux distribution 
curve determines the waveshape of the voltage generated in the armature windings. 

The field form in salient pole machines can be plotted by using any of the following 
techniques : 

(») Carter’s fringe curves, 

(»*) Flux plotting by method of curvilinear squares. 

4‘23’1. Carter’s fringe curve*. There is no difficulty in determining the flux 
density at any portion of the armature lying under the pole shoe if we neglect saturation ; 
this makes the flux density vary inversely as the length of the air gap. 

Suppose J3»*=-maximum flux density in the air gap (at the centre of the pole), 
?p»>length of air gap at the centre of the pole, 

£**=flux density in the gap at a distance x from the centre of the pole, 

It*■*length of air gap at a distance * from the centre of the pole. 

Neglecting saturation in iron parts 

...(4'135) 

m 

This equation is applied for portions of armature under the pole shoe but it is difficult 
to determine the flux distribution in 
the interpoiar region as no such sim¬ 
ple calculation is possible there. F.W. 

Carter worked on this problem and 
his results are given here in a graphical 
form. The actual shape of the frmg- 
ging portion (portion in the interpe- 
lar space) of the flux distribution curve 
depends upon the dimensions of ma¬ 
chine. Fringe curves have been drawn 
for various values of ratio Cmfltt as 
shown in Fig. 4 69. 

where distance of pole tip from 
neutral axis 

and 2fi>*length of air gap at 
the pole tip 

The values of relative flux den¬ 
sities can be read off directly. The 
curves for ratio C»/l$t not given in 
Fig. 4*69 can be interpolated. 
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4 73 2. Flux Plotting (by method of curvilinear squares). 

T I‘° flu * P uh ‘n the iir gap un !or the pole m ly be divided into tubes of flux as shown 
in Fig. 4'70. Tit*.* depth of each tube being unity in a direction parallel to shaft. 

Let W r *=mean width of a flux tube. 


I 


^rm 

^ (Lx 

Fig. 4*70. Flux Plotting. 


<smean length of the flux tube. 
Permeance of this flux tube considering unit depth 

1T.XJ 


S P • 


r M# 


W. 


Flux in the tube <b«=mmfx permeance** AT/ Wat If 

where .47’/=field mmf per pole. 

.*. Flux density at armature surface where width of tube is a*, 

. — jrp. 

O.X1 


B.' 


...(4136) 


Now at the centre of the pole : «»= Wx and lt**lf 

Flux density at the centre of pole Bg~*ATf . p*/I». ...(4T37) 

From Eqns. 4" 136 and 4’137, we have: 

Ba—^jt-B,. ...(4138) 

Oa Igx 

The following rules should be observed for flux plotting by method of curvilinear 
squares : 

(а) the flux lines leave and enter from surfaces, bounding the gap, at right angles if 
it is assumed that iron has infinite permeability as compared with air, 

(б) the flux and equipotential lines intersect at right angles, 

(e) the flux and equipotential lines are so drawn that each flux tube is divided into 
equal number of curvilinear squares. In such a rase the flux density at any point will be 
proportional to the length of side of the square at the centre of the pole, (u the length of the 
side of a square at the point where the flux density is deshed to be evaluated. If larger 
number of squares are used e ver the top tips, the ratio of side of the squares must be multiplied 
by ratio of number of squares in order to get the flux density. The flux distribution curve is 
obtained by plotting points < n the armature surface as abscissas and corresponding value 
of flux density as ordinates. 

Method. A simplified method of flux plotting which yields sufficiently accurate 
results is given below. 

The armature surface and the pole arc are laid out; it is necessary to show only half 
of the pole pitch. The armature surface is divided into any number of equal parts and then 
the centre lines of tubes of flux are drawn in such a way that they leave and enter the iron 
surfaces at right angles. If it is assumed that the average width of tubes is equal to their 
maximum width, we have: Wa*—** 

or from Eqn. 4*138, ...(4*119) 

This means that the flux density is inversely proportional to the length of flux tube. 
Fig. 4*73 shows the flux plot of a synchronous machine. For this, the outline of half of pole 
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pitch is laid out to a large scale and the armature surface is divided into six parts with 0 at 
the intrrpokir axis and 6 on the pole centre. With the aid of rules for flux plotting by curvi* 
linear squares, flux lines and equipotmlials are l«id out. It is then assumed that the flux 
density at the pole centre is ICO. From Eqn. 4'139, flu* density, at a place where length of 
flux line is Iga, is Ba*={lgjlga)B 9 . 


The flux distribution curve is drawn (shown in Fig. 4'74) from the results obtained 
from Eqn. 4'139 applied at the different points. The flux distribution curve shows a positive 
value at position 0 (at the interpolar axis). This should be zero, so a straight line is drawn 
from the ordinates at position 0 drawn to zero, at the point where the pole level begins. 'The 
pole level begins at position 4 for the case shown in Fig. 4*72. The actual flux density is 
taken as the ordinate between the straight line and the original flux distribution curve. 
This means that the true flux distribution curve is obtained by subtracting the ordinates 
corresponding to straight line from the original flux distribution curve. The true flux dis* 
tribution curve is indicated by bg, b lt b t , b 9 , 6 4 , b t , b t . 


4 24. Air gap flux distribution factor (Field form factor). The air gap 

flux distribution factor Kf can be defined as the ratio of area under the actual flux distribu* 
tion curve to the area of a rectangle having the same base and an ordinate equal to the 
maximum flux density. 


or 


K bs area under the flux distrib ution curve 
maximum ordinate X pole pitch 
average ordinate jiverage flu x de nsity __ ii«„ 
maximum ordinate maximum flux density Bg 


...(4140) 


Thus the flux distribution factor Kf can be defined as the ratio of average flux density 
over the pole pitch to the maximum flux density. Kf is also known as field form factor. The 
area under the flux distribution curve can be measured either by a planimeter or by method 
of mid ordinates. 


4 25. Harmonic analysis of flnx distribution curve. 

rotating machines is of varied form depending upon the shape of 
the pole, the distribution of field wii dings and she load condi¬ 
tions. Ideally, it should be sinusoidal in the case of a.c. machi¬ 
nes and rectangular under the pole arc in the case of d.c. machi¬ 
nes. 


4*25* X. Rectangular flux-distribution curve. The 

field form of a salient pole machine is n-ctmigulru as-d-.wi. in 
Fig. 4*71 if the air gap under the pole arc is uniform ai d if 
fringing effects are neglected. The field form can be analysed 
for its harmonic contents with the help of Fourier series 


The pole arc spans an angle («— 8) and the maximum gap 
density is Bg. Now the field form is symmetrical about the pole 
axis and also the north and south poles of a machine are similar, 
and thus there are no even harmonics, no cosine terms and the 
constant term is zero. Therefore, the flux density at any angle 
0 from the interpolar axis can be written as 





Bmn sin n6 


The flux distribution in 


[« —P OLE PITCH 


POLE ARC—\ 



Fig. 4*71. Rectangular field 
form. 


where n is an odd integer. 


• • 


Bg*°B mi sin « n sin 56+• 


...(4141) 
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where Ban—amplitude of nth harmonic 

IT 

/(6) sin »fl <19. 

0 

Now /(0)—0 forZO<0<|- 

-B* for -j- <8<n —— 
**0 for *. 


Amplitude of nth harmonic 

k-S/2 

B*#“=~|^J Bg sin 8 <28 J 


4 Bt nS 

——— cos — 
me 2 

...(4*142) 

The Fourier expression for field form is 


£ C os|- sin 8+cos — sin 38+cos~sin 58+.J 

...(4*143) 

Amplitude of fundamental is: 


n - 4 » * 

Bt cos —• 

...(4*144) 


4-2J-2. Actual flux distribution curve ihe actual flux distribution curve is 
far from rectangular as shown in Fig. 474. A method which gives estimate of harmonics 
upto the seventh is described below ; 


The pole pitch is divided into 6 equal parts as described earlier, the coefficients of 
harmonics and fundamental are • 

B^—0’086 6,+0*167 6,+0*236 61+0*289 6,+0*323 6,+0*167 6, 

5 m,"°'236 6,+0*33S 6,+0*236 6,+0 -0*236 6,-0*167 6, 

Bm,*=0*323 6,+0*167 6,-0*236 6,-0*289 6 4 +0*086 6,+0*167 6, 

**,-0*323 6,-0*167 6,-0*236 6,+0*289 6 4 +0*086 6,-0*167 6 ( 

The equation of the flux distribution curve is 

lin ®-*«4 »in 38+B^ sin 50+B*, sin 78+... 

The average flux dentity 

*”"t( b «.+t **.+- 5 - '>*++„**.) -<«■!«) 

and the r.m.s. flux'density 


^v*0^v+a%*+v+.> 


*•*( 4 * 146 ) 
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Example 4'17. The pole profile of a 3990 kVA, 32 pole, salient pole, synchronous 
generator is shown in Fig. 4'72. The inner diameter of stator is 3 2 mand the pole pitch 
t = 0'314 m. The ratio of pole are to pole, pitch is 0 74 The length of air gap at the pole centre is 
5 5 mm and this gap length is maintained over one third of pole pitch as indicated. The length 
of air gap is 10 mm at the pole tips. 

Draw the flux distribution curve of the machine by method of flux plotting. Determine the 
amplituies of different harmonics and also the field form factor. 

Solution. I'he str tor bore and the pole surfaces shown in Fig 4*73 an* drawn by 
techniques given for pole .rawing in uhapter on Synchronous Machines. The flux plot is 
drawn by using method of curvilinear squares. 

Half of the pole pitch is divided into 6 parts and the flux plot is drawn by method of 
curvilinear squares. The flux distribution curve drawn with results obtained from the flux 
plot is shown in Fig. 4*74. 


SRMAWRE SURFACC 



Flf. 4 72. Pole profile of synchronous machine, 
of Example 4*17 




Fif. 4*73 

From Fig. 4*73, 

5 lS m24, 6,-55, 6,-82, 6*« Q 8, 6,-lOG and 6,-100. 

The amplitudes of fundamental and harmonics of the gap density are : 
A„»0*086 6,4-0*167 6*40236 6,4-0*289 6,40*323 6,40 167 6,-108*06, 
R.,»0*236 &!40*333 6,40*236 6,40-0 236 6,-0*167 6,=3*36 
JL.ae0*32S 6,40* 167 6 2 -0*236 6,-0*289 6,40*08G 6,40*167 6,*-5*25 
Bm,** 0*323 6,-0*167 6,-0*236 6,40*289 6,40*086 6,-0*167 6,= —0*75. 
.*. The flux distribution curve can be defined as : 

Et—Ait sin 64 A* sin 364A., sin 564Ai, sin 764 

— 108*06 sin 643*36 sin 36—5*25 sin 56—0*75 sin 784. 

Average value of flux density 


A* 


A 
• • 


Field form factor--^*—0*702. 


3*36 

108 064--S—* 


5*25 0*75 


V 


70*2, 


C 

s/ 
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UNSOLVED PROBLEMS 


the following data: 
pole centre-*>2'5 mm 


armature diameter—o* 25 m ; 
flux per pole—11-7 x 10'* Wb, 


ratio 


1. A 15 kW 230-V, 4 pole d.c. maehine has 
armature core length—0125 m; length of air gap at 

Calculate the mmf required for air gap (/) if the armature surface is treated as smooth (//) if the 
armature is slotted and the gap contraction factor is 1' 18. [Ans 1443 A : 1700 A] 

2. Determine the air gap length of a d.c. machine from the following particulars: gross length of 

core—0 - 12 m ; number of ducts—one and is 10 mm wide ; slot pitch-25 mm; slot width=10 mm : Carter’s 
co-efficient for slots and ducts—0 32 ; gap density at pole centre -0 7 Wb/m’; field mmf per pole=3900 A ; 
mmf required for iron parts of magnetic circuit—800 A. [Ans. 4-7 mm] 

3. Find the effective value of flux density at the pole centre R>f a d c. machine if; actual flux density 
at pole centre—082 Wb/m'; length of air gap=6 mm ; width of tooth—18 mm; width of slot—13 mm; 
width of packets—50 mm, width of duct—10 mm. Take Carter’s co-efficient for ducts and slots from 
Fig. 49. Also calculate the mmf for air gap. 

[Solution IF,//,-13/6-2-17; ff.,-0 3 ; 31 

10/6-1-66; KTfj—0-25 ; 

For ca'culation of contraction factor of ducts the stacks are treated as teeth and ducts as slots 
„ 50+10 

*»<■ 


—1145 


1-045 ; ff.-l 145x 1-045=1*195. 


(50+10)—0-25x10 

Effective gap density— K 0 B„=- 1-195 x 0-82=0-982 Wb/m* 
/fr a -800,000x 0-982 x 6x 10 '-4710 A] 


4. An armature tooth 50 mm in height has a width of 16 mm at the top and 12 mm at the root. The 
real flux density at the root is 2-15 Wb/m’. Calculate the mmf required to magnetize this tooth, by (/) 
graphical method (//) Simpson’s rule (///) B t 1/3 method. The following B-'at' curve may be used. 


B, Wb/m* 

1-5 

1*6 

1-7 

1*8 

19 

D 

21 

2*2 

at, A/m 

2,000 

3,000 

5,000 


14,500 

k_ 

D 


! 80,000 

i 


[Ans, 9^0 A for graphical method] 


5. Calculate the apparent flux density at a action of the teeth of an armature of a d.c machine 
front the following data at thai section - 


Slot pitch—24 mm ; slot width- tooth width— !? nun : length of armature core including 5 ducts 10 mm 
each— 0 38 m, iron stacking factor 0 92. 


True flux density in teeth at thai section is 2 2 Wb/m* Tor which the mmf is Ttt.tiOO A/m. 

[Ans. 2-332 Wb/m*] 


5. The apparent flux density in the ";t r . .lion of an armature tooth, i* 2 1 Wb/m" at a section 

of slot pitch 27 mm and width 15 5 mm. The .incnturc i* 0 25 cm hag and has 1 ducts each 10 mm wide. 
Estimate the true flux density and mmf per metre for the tooth at the given section. The B. 'at' curve is : 


B, Wb/m* 

1*7 

1*8 

| 1-9 

i 

— T— - 

20 

2*1 

•at* A/m 

10,000 

| 17+00 

1 

J 30,000* 

1 

i 

1 

i 

90,000 | 



:4ns. T96 Wb/m*; 59006 A] 


7. A laminated iron cylinder is rotated in a given magnetic field. The iron loss is 250 W at 600 

r.p.m. and 312 Wat 720r.p.m. Fin-1 approximately the ' >»* if the laminations were twice as thick, the flux 
density increased by 25% and the speed were 800 r n m [Am. 9J7W] 

8. The hysteresis loss in a sample of iron is found to be 4 9 W/kgata frequency of 50 Hz and a 

maximum flux B„, of 1 Wb/m*. (a) Calculate the co-efficient o in the expression for: hysteresis loss in J/m* per 
cycles The specific gravity of iron is 7 '5. (b' Calculate the hysteresis loss in W/kg at 25Hz and 

■ffn»—1*8 Wb/m*. [Am. (a) 735 (b) 6 67 W/kg] 

9. Determine the leakage permeance per metre length of a rectangular temi-uo closed slot having 
the following dimensions (all in min' : 

Slot width*--- 10 : slot opening- 4 S ; height of ..*on<?T»c'*': ;-»rtio.-»-26 ; height above conductor r.v 
below wedge—1 ; wedge height ?-S ; hp hcighi - 1 o [Aus. i-TgJ,,; 

10. A 2 pole d.c. machine has an air gan fim. density oi 0*7 Wb/m* and a gap length of 5 mm The 

area of each pole is 20 x 10" * m* and the poles art vertically mounted. Calculate the unbalanced magnetic pull 
for 10% eccentricity in the air gap. [Ans. 780 NP 






















Electromagnets 


5'1. Introduction. Electromagnets are used for the purposes of pulling, lifting and 
holding. The large size electromagnets are used for lifting heavy loads while small electro¬ 
magnets are used for holding of armatures of relays and valves. The general principles of 
operation and design are the same for all types of electromagnets irrespective of their 
application However, problems of heat dissipation and insulation, and also constructional 
details become more complicated as the size of the electromagnet increases. 

5'2. Types of Electromagnets. Electromagnets are classified into two general 
categories : 

(*) tractive type, (»i) portative type. 

Tractive Electromagnets. These electromagnets are usually known as solenoids 
and are designed to produce mechanical movement by means of an armature, which is 
attached to th- mechanical part required to do work. Tractive magnets are operated either 
from a.c. or d.c. supply. Tractive magnets are used in electric bells and buzzers, telegraph 
apparatus, electric clocks, time stamps, electric pendulums, current limiting magnetic 
switches and relays, telephone relays magnetic brakes, circuit breakers, track switches and 
electric valves. 


Portative Electromagnet*. These electromagnets generally function as holding 
magnets. They are usually operated from d.c. supply. 

Portative magnets are used as lifting magnets, magnetic chucks, magnetic clutches, 
magnetic couplings, magnetic separators and bw voltage releases. 

There are many types of electromagnets but for the sake of brevity, only three commonly 
used types of electromagnets are described here. These are : 

(•) Flat-faced armature type, 

(♦♦) Horse shoe type, and 
(iU) Flat-faced plunger type. 


5*21. Flat-faeed Armature type. 

circular lifting magnet of flat-faced 
armature type. This type of magnet 
is used primrily to produce large force 
through a relatively small distance. As 
generally constructed in larger sizes, it 
is made of cast steel and is used for 
lifting scrap iron, sheet iron and iron 
castings. It has magnetic circuit of 
extremely short length and great cross- 
sectional area with two working air 
gaps These gaps, magnetically m 
series, are mechanically, in parallel, 
and hence produce a holding surface of 
large effective area, 


Fig. 5’ 1 shows a oross-section of an ordinary 



Fly, 5‘ 1, Plat faced armature type electromagnet. 




Force 
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It is clear from Eqn. 4" 125 that the force in this type of magnet varies inversely as the 
square of the air gap length. This condition exists under ideal conditions wherein the 
effects of saturation and magnetic leakage are negligible. However, in practice the actual 

force-stroke (force-air K ap length) curve 
departs from the ideal inverse square law 
relationship as saturation and magnetic 
leakage effects exist in an actual magnet. 
Fig. 5'2 shows ideal force-stroke curve 
(which follows the inverse square 
law) and the actual force-stroke curve. 
There is a wide discrepancy between the 
actual and the ideal curves for short 
strokes *.«. when the length of air gap is 
small. This is because with short air gaps 
the mmf required for the air gap is small 
and hence a large proportion of the mmf 
forces the flux through the iron parts 
resulting in high values of flux densities 
in them. Thus with small air gaps, 
saturation sets in the iron parts and there¬ 
fore the inverse squrc law no longer holds 

End Stroke_*- Start good. Since with saturation, the permea- 

Fig. 5 2. Force-stroke curves of flat faced bilityofiron parts decreases and there- 

Armature type magnet. fore the mmf required for iron parts 

becomes larger in the air gap resulting 
in lower values of flux den'ity (as compared to the gap density under ideal conditions). 
Thus for short strokes the saturation in iron parts, which prevents the gap flux density to 
rise in proportion to decrease in length of air gap, reduces the force. This effect of 
saturation to decrease the force is somewhat compensated for by increase in the force brought 
about bv increase in value of air gap flux owing to decrease in the value of leakage flux with 
decrease in air gap length 

5‘2 Z. Horse shoe type. Fi t \ T3 shows a cross-section of a horse shoe or a bipolar 
type of electromagnet. This is also flat-faced armature type but is built in much smaller 
sizes as compared with circular magnets as, in general, it is not so economical. Horse shoe 



Fig. S'3. Horae shoe type electromagnet. 

type of construction is usually employed for small magnets because of its mechanical 
adaptability and the ease with which it can be constructed. This construction results in 
economy in-weight over a large range of force-stroke values as with the help of its polar 
enlargements, the values of flux density in various parts of the magnetic circuit can be 
adjusted to optimum. In fact it is a versatile type of magnet which can be used as 

•Stroke is defined as the linear displacement of armature. 
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alternative to plunger types of magnets who-, ,|„ling plumm. or fix<d cylindrical sac 

ZZTZ eSiral>1 '- ' ' •«»*- - m L horse 

to those oi Hat laced armature type 5’^). 

? 2 ’3- Plunger type. lig. f-4 diows :i < ross-section-d view of 

cylindrical flat faced plunger typ; of m.»gm . Its rn.iimr-t-,- r-mtit is usually short and heavy 
and has only one air gap. 1 Ins is adapted to 1 V 

produce a relatively small force through a long, r 
distance (than the flat faced type). This is because 
for the same cross sectional area of iron as tin- 
flat faced armature type or hor>e shoe type, its air 
gap reluctance decreases half as last with 
decrease in air gap length (as it has onlv one gap 
while the flat faced armature type and the hone 
shoe type have two gaps) and therefore, develops 
half the force. However, since the tnrnf is effective 
across one air gap, instead of two in scrim, it 
can develop this smaller force thrmi h twi<v tl»- stroki 



Fig 5 4. Flat faced plunger v spc 
electromagnet. 


The force-stroke cliaractiris s 
of flat faced armature and horse sin t- 


•i flat ) need J ’uiig*. i type 
;V r.f magnets. 


rnagm c .,r> •*jt' 


raise 


The force-strike cliaract riv. 
in force ; t the beginnii g and ti 
following an almost inverse squa <■ !-w. 
A moie uniform force-stroke chara¬ 
cteristic may be obtained by shaping the 
faces of plunger and core as shown in 
Fig. 5'5. Conical type plunger magnet as 
shown in Fig. 5'5 (a) gives a more flat 
curve because the reluctance of the working 
gap di ertases less rapidly with mou >n The 
force-stroke curves can be flatte n'd still 
more by using stepped cylindric. 1 faced 
plunger ( b) and taper plunger ' ’) type 
magnets. 


'1 inaunet'. 
-'lid of tin 


d< scribi 
Mtoke. 



1 abtA 
lilt 


h.-w a l,ii■ 


force -ai ok- 

f 


JJ 

lU 


Fig. 5-5 


Cb) 

Shapes of plunger 


dleii-net* 
i* n r sties 


-4- 


T 

U 




'cl 


5-3. Construction of Electromagnets. Electromagnets consist >.f a f ro. magnetic 
core which carries the flux and a v ruling which produces a flux when excited by m external 
source. 


5-31. Electromagnet core materials. Soft magnetic materials ate used for 
construction of core of the electromagnets. Most of these materials contain the ferromagnetic 
elements like iron, nickel and cobalt in various combinations. Sometimes some non ferro¬ 
magnetic elements like silicon, molybdenum, and chromium are added to obtain desir¬ 
able from materials. 

5*3'2. Electromagnets coils. Cods are used in electromagnets as an exciting source for 
production of magnetic field. A cod, mo My. consists of wire wound like a hclitrd thread to 
form a layer, there being one or m >re bym to the coii. Insulation, Mich as paper n sometimes 
placed between layers. The usual Tint' rial for the conductors is copper. In some ases alumi¬ 
nium i« used. The cross-section of cod is generally rectangular and the cross-section of con¬ 
ductors is usually round except in coils made of heavy wire where a square, or a rectangular 
section with rounded comers is used. 
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The coil insulation is of the sheet form. It-is usually made of cloth or paper treated 
with varnish, glass, synthetic resin bonded paper and synthetic resin impregnated compressed 
laminations of wood. 


5‘4. Design of Magnet colts. 

!>hape and rectangular in cross-section. 
(Fig. 5'6) are explained below. 



The coils for electromagnets are usually circular in 
The various terms connected with circular coils 

D< =inside diameter of coil, 

D« —outside diameter of coil. 

Dm —mean diameter of coil, 
d/ —radial depth of coil, 
hf —axial length of coil, 

Lm<— length of mean turn. 

Mean diameter Dm— — A -f -dj. 

Outside diameter Do—Di+2tf/=Dm+d/. 

Depth of winding 

dj —Do—Dm—Dm--D*. 


Cross winding area Aw—h/Xd/. 

Length of mean turn, Dim—nDm—«(Do— d/)= n(D<4-d/) 

Total heat dissipating surface—2 Lmt (d/+Kj). 

Outer cylindrical heat dissipating surface—R J)»Kj 

Outer and inner cylindrical heat dissipating surface—2 Lmi hf. 

Coming to the design of electromagnet coils. 

Let AT—mmf per coil, A ; F—terminal voltage, V ; 

P— resistivity of conductor, Q/m/mm* ; 8— current density, A/mm*; 
Dm— length of mean turn, m ; /—current, A ; 

T—number of turns ; R"* resistance, Q ; 
a—area of conductor, mm* ; 5/—space factor ; 

total winding section, m*,; S—cooling surface of coil, m*; 
c—cooling co-efficient, C°-m*/W 
6m— temperature rise of coil surface ovtr ambient medium, °C. 


The ambient temperature is usually assumed as 20*C. 
We have. 


coil resistance R 


voltage across the coil 
current in the coil 
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Resistance of coil number of turns Xresistacr of each turn* 8 ? 1 

a 

1 a 

Ol' area of < oinl'.U ml i'l - — ,17 


...(51) 


The value of 'a* obtained from Eqn 5 1 may be rounded off to the necessary standard 
size as given in conductor tables in chapter 17. 

The value of resistivity used in Eqn. 51 should be corresponding to working tempera¬ 
ture. The resistivity and resistance temperature coefficient of copper at 20°C are O'Ol734 
Q/tn/mm 2 and 0 00393 /°C respectively 

The resistivity of copper at working temperature is : 

—0*01734[1 -t 0*00^93 (te:ii{vrature rise above 20°C)]. 

Current, The actual value of current is not known until the conditions of cooling 
are known. A preliniiinn value of current is obtained by assuming a suitable current 
deteity S. 

/-5a ...(5-2) 


Turns, ( lie , .■•>b:*i non. ;ue obtained by dividing the total mmf by value of 
current obtained above 


T- 


AT 


I 


...(5-3) 


Winding Section. The total aiea oc<upi« d by conductors is equal to the product of 
number of turns and the area of each conductor. 

Total winding area 

number of turns X area of each conductor 


But 


^* space factor 

=-^mm l =^p- X10- 4 m* 

Sj *v 

A w «height of winding .< depth of winding 
ssh/Xdf m* 

if both h; and dj are expressed in m. 

From Eqns. 5'4 and 5'5. 

fif A& 


...(5*4) 

-..(5*5) 


a— 


• XlO* mm* 

Sfhfd/_ x qjqI. 


(5*6) 


Temi ratnre Rise. Total heat to be dissipated P**I*R 

Temperature rise 8m-(P r./S) where c=cooling co-efficient and 5-dissipating surface - 
The dissipating surface of the coil considering only the outer and inner cylindrial 
surfaces is 5*2 Lmi h/ 


^ c 

Therefore, “»*■' > L 


But R* 


T p Lmt 

a 
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Substituting the value of a from Eqn. 


i> T* p Lm t 

"~Sf hf df 


10 -* 


56. 


I* T' p Lmt c 
2 Lmi h/Xtijh/d/ 


10 • 


P c (AT V 
2 8fdj\ hf ) 


X 10-» °C 


...(57 


iVrmissible temperature rise is determined by the class of insulation used. Tabic j'i shows 
the various kinds of insulations used for magnet coils with permissible temperature rises based 
on 40°C as the maximum ambient temperature. 


Eqn. 5 7 is used when the coil is continuously operating. Continuous ratings are 
based on the maximum permissible temperature rises shown in Table 5 1. 



rig. 5 7. Coohn co-cfficicnt temperature Fig. 5 8. CooLng co-efficienct—watt 

curves of magnet coil. P" ri ' rv, * ,! nf coils 


Since must mngn* t coils, how* ver, arc not er:ergis*-d continuously, consideration must 
be given to the duty cycle. If the coil is energised for a fraction of time equal to *, 
Eqn. 5 7 is modified as 

e “= A {j)'' m " ° c - (5 - 8 > 

Eqn. 5'8 can be used if the heating period is small, not greater than quarter as com¬ 
pared with the thermal time constant. 

The value of cooling co-efficient V to be used in Eqns. 57 and 5'8 may be taken 
from Fig. 57 and 5‘8. 

Space Factor. Space factor is defined as the ratio of active conductor section to 
total conduction section From Fig. 5 9 if d is the diameter of bare conductor and d t is the 
diameter with insulation, the space factor with this arrangement: 


...( 59 ) 
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Table 5*1, Limiting temperature rise in ‘'C for various coil insulation* 


Types of coils 

Class A insulation 
organic impregnated 
(cotton, silk, paper, enamel) 

Class B i nsuiation 

Inorganic impregnated (mica, asbestos, glass) 


*r 

* R 

•T 

*R 

1. Wire wound coil 

65 

85 

85 

105 

2. Single layer series coils 
with exposed uninsulated 
surfa.es 

90 

— 

105 

— 


*T— By thermometer •/?—By resistance measurement 


When the conductors bed as shown in Fig 5 10 


(«/4 )_d 2 
~ d* 



...(5 10) 



Fig. 5 9, Space factor when Fig. 5' 10. Space factor when conductors bed. 

conductors do not bed. 

An average value of $/=0*8 (d/dj) 2 is usually used for round conductors. The space 
factor for conductor sections other than circular is estimated from experience. 


It should be understood that the space factor calculated from Eqns. 5*9 and 5*10 is for 
conductors only and not for the whole winding. The space factor for the whole winding 
will have a lower value as it (vending) contains other insulation in addition to insulation on 
the conductor. 

Example 5*1. A plunger type magnet hat to lift a mast of 200 kg from a pittance of 
S mm. The area of pole face it Ox 10~ l m % . Find the current reauired if the exciting toil hat 
3000 tumt. Assume that the mmf required for iron parte** 10 percent of air gap mmf. Neglect 
fringing. 


Solution. The plunger type magnet exerts force through one pole face only, 
fore, force exerted 

5=0*051 kg (see Eqn. 4*122). 

Mo 


There- 


or 


200 


0 051JB* X 5 X 10~ * 
4k X10- 7 


or flux density in air gap 5*0*993 Wb/m* 

Mmf required for air *800,000 3fr=800,000 X 0*993 X 5 X 10-*=3972 A. 
Mmf required for iron parts“O* 1X 3972 **397 A. 
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T otal mmf 


Current in exciting coil I 


4 7*=mmf for air gap+mmf for iron parts 
-3972 +397 *4369 A. 

AT 4369 
T “ 3000 


-1 456 A. 


Example 5’2. The area of each of two poles of a cast steel circular magnet is 
X‘25xl0~* m*. The mean length of flat path through iron is 0 6 m. The magnet lifts steel 
plates of negligible nlu'Annoe with an effective gap of 6 mm at each pole. Find (a) the force 
smarted and (A) the fius density in air gap, when the excitation is 12000 A. The B—H curve 
for cast steel is 


1 

Wb/m* 

07 

0-9 

TO 

VI 

12 

i 

U 

A/a 

630 

< 

780 

900 

1100 

1400 


Solution. The mmf required for iron parts is not a linear function of the flux density 
and since the flux density under the operating conditions is not known, the problem has to be 
solved by plotting the magnetization curve of the magnet i.e. by finding the total mmf 
required for various values of flux density. The total mmf is the sum to mmf required for 
two gaps and the mmf required for iron parts. The results are : 


Flax density B 

Wb/m* 

07 

09 

TO 

TO 


Mmf for two asps 

AX r—1 x 800,000 Bl, 

A 

6720 

8640 

9500 

10560 

11520 

Mmf per metre for iron 
stt 

A/m 

630 

• 

780 

900 

1100 

1400 

y~nl for iron -arts 
4Ti*er«x /< 

378 

464 

540 

660 

840 

Total mmf 
4T-AT t +ATt 

A 

7098 

9108 

10140 

11220 

12360 


The magnetization curve is shown in Fig. 5'11. From this flux density corresponding 
to an mmf of 12000 A is 117 Wb/m«. 6 


Since force is exerted through two pole faces in a circular magnet, therefore force 


J " 2X 2*, X 9*81 kg 

2x(ri7)*X 125OX10T 4 
2X4kX10-*x9-81 ; 1 


13830 kg. 
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Fig. 511. Magnetization curve pertaining to Example 5'2. 

Example 5 3. A plunger type magnet txerU a pull of 200 kg through a 25 mm gap, 
the reluctance of the iron portions of the circuit being such that only 75 percent of total mmf of 
the coil is available to tend the flux across the gap. Calculate the pull of the magnet when the 
mp is reduced to 12 5 mm and the. total mmf is reduced by 10 percent, given that the mmf to 
overcome the reluctance of iron portions of the magnetic circuit in the second instance is twice as 
great in the first instance. 

Solution. Let the mmf required for the air gap in the first c?se be AT tl . 

JLT 1 ^ 

Total mmf in the first case fi ' .fo ' = 133 ATti 

Mmf required for iron parts in first case ATiy'—AT 1 —ATsi"*Q'$‘5 ATt x . 

The mmf required for iron parts in second case is twice as great as in first case (given). 
Therefore mmf required for iron parts in second case : 

4T< t ->2iiT<i>-0 66 AT n 

Total mmf in second case : 

ATr-AT n +ATii"ATg t +0-66 AT tl . 

But 4T.-0-9 ^Tj-0-9 x 1-33 AT n ~l‘l97 ATn. 

: Mmf required for air gap in second case : 

AT,t-AT t -0 66 ATn - 1 * 197 AT tl — 0*66 AT fl -0'537 AT n 

Now, fore. r- A <«. Eqn. 54.) 

ATn* 

.% Force in the first case / s - -^-A. 
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Force in second case -Fg=a - ^sATM l ^ 

Aha 

Hence from above, force in second case 




Example 5 4. A contactor coil is wound on a former 80 mm in between flanges, 75 mm 
in flange diameter, and 30 mm in gross diameter tube, (a) Calculate the winding depth, 
winding space and length of mean turn. ( b) Calculate the space factor and the number of turns 
(i) when the conductors bed and (ii) when they do not bed if the coil is wound with 35 SWO 
8.C.C. copper wire having an area of 0 0357 mm 2 , a bare diameter of 0'213 mm with 0'05 mm 
thick cotton covering. 

Sola Hon. 


(a) Winding depth 


D.-Dt 


(See Fig. 5'6) 


-1^=225 mm. 

W'inding space Am=h/Xd/=(80x 10~®)x(225x 10~ s )=» 1 8X I0~» m*. 

(ft) Diameter of bare conductor <1=0*213 mm 

Diameter of insulated conductor --=0*213*+ 2 X0'05=0'313 mm. 

(*) From Eqn. 5'9 space factor when the conductors do not bed 

° 78 (i-)’=° 7 8 )‘=0'3 6 l. 


From Eqn. 5' 10, number of turns 

S/A,XI0« 


0'36 x 1’8X 10"» 
00357 


X 10*-=18200. 


(ii) From Eqn. 5' 10, space factor for conductors when they bed 


Number of turns 


0417 X 18X10-* 


X 10*^21,025. 


11UII1UCI 1 iUi 119 J- ■* 0*0357 ^ - 1 r'av. 

Example 5‘5. A cylindrical magnet has O'l m inside diameter and O'18 m outside 
diameter while the height is O'15 m. Find what percentage of total turns must be unwound from 
outside so that the resistance of the coil is reduced to 3j7 of its original value. 

'ftohsHon. Resistance of coil winding 

_ T p Lmt 


Ta**Sf hf df 

, D.-Dt 
dj - 5 — 

Sj h f d f 


-Sj h f 


(D.-D.) 
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R 


_ Sfh ' ( Bt ~ 
« V 2 


Di \ n(D.+Di) 1 

ip , -< - . 


w-Df) 

Let suffixes 1 and 2 respectively refer to the original winding and the changed 
winding. Therefore we can write : 

resistance of original winding R x — ...(») 

and resistance of changed winding !)<,*) ...{**) 

But when we unwind the turns to reduce the resistance, there is a change only in the 
outer diameter <,f the coil, while the other terms remain the same. 


This means 


Sft—Sfi, hft*=-hfi, Dit—Dix and Oj-^Oi 

» 

p *P Sti hh 
R *~ 4o,* 


(ZV-7V) 


.. •(«»') 


Hence from (») and (tit) : 
But 


R* 

Ri 

DoS-Dif 


(DoS-DiS) 

1 

7 

iV-IV “ 7 


or 


j> M »-(01)* 
(0‘18)*—(01 )* 


or outer diameter of winding in second case i)« g =014 m. 

.. , , 0 14—01 

Depth of winding in second case dj 2 — -^ 


0 07 m. 


Depth of winding in original case dj x — 

No. of turns in original case Ty** UllJihlSl 

°i 


0018-010 


=0 04 m. 


T 2 n . T,= 
dll 


No. of turns in second case 2’*“^*/* ^* =■ 

JL22_7* b q>= m 

0'04 Tl ° 5 Tl 

Turns to be unwound^Ti—0 5 Ti*0 5 Tj. 

Therefore 50 percent of original turns have to be unwound to make the resistance 3/7th 
of its Original value. 

Example 5 6. (a) Prove that the maximum mmf that can be produced by on exciting 
coil, with given overall dimensions, temperature rise, cooling co-efficient and space factor is 
independent of the exciting voltage. 



Solution (a) Area of conductor 


a _ATj_Lni k ee £q n 5 -j) 

{AT)Lmt (ATYpLmil 

" vr~ p 
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where 

P**total power dissipated. 


• 

• • 

Mmf AT-—?’ 0 — 
pLmtl 


Now 

fl— X 10* (with ‘o’ in mm* and Am in m*) 


From (»), 

iT P S/AmX 10* PSfAmX 10* 

pLmtl T p Ut(AT)~ 


or 

{AT)*sb **t±X\0e 

P Imt 


or 

Mmf AT— yj P 10 * 

...(H) 

Now power loss 

p S 0m 

~ r. 

-((Hi) 


5= heat dissipating surface, 

Om^maximum permissible temperature rise, 


and 

encoding co-efficient. 



From (ti) and {Hi), 
Mmf AT- 


f S 0m Sf An 

V Tiu 


xio* 


•••(»*) 


The above equation does not involve the voltage and all the terms are constant 
given). Therefore the maximum mmf developed by a coif' with given overall 
iimensions, temperature rise, cooling coefficient and space factor is independent of exciting 


voltage. 


(0) Using relation (ii) derived above 


__ , fPS/AmX 10* 


[ woxo-esxasxio-^xio* . 

“V-.0 02 xi -6 - -53 ’ 300 A - 

Example 5 7. A d.c. crane, magnet is built to diseipate about 6 bW at a supply voltage 
of 100 V. The winding space is 0 2x0 2 m*. Taking a winding space factor of 0 6 and a 
specific resistance of O'022 Q/tn/mm 1 , calculate the number of turns in the magnet, the cross- 
section of the conductor used, and the total mmf. The length ofmehn turn is 2 m. 

Solution. 


Current 
Resistance 
Also resistance 
or area of conductor 
Now, 


'-f 

*"■r 


5000 

100 


***50 A. 
*2 O. 


Tplmt 

a 


TpLmt Tx 0 022x2 n . nnn m , 
n= —^— am- - -**0 022 T mm*. 

SfAm lrt , 0*6X0*2X 02 X 10 * . 
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0 022 T* 


0*6X0 2X0-2X10* 
T 


or number of turns 
and area of conductor 
Mmf 


T= 1044 

o=0-022X 1044=23 mm*. 
= 50X1044*52200 A. 


Example 5 8, Design the urinding of a lifting magnet to obtain greatest mmf with a 
power dissipation of 6 kW with a supply voltage of 100 V. The gross winding space is 
O'27 X O'23 m % and the coil has a 15 mm asbestos wrapping. The insulation between toms is 
1mm and between layers is 2 5 mm. The hnglh of mean turn is 2 m "he resistivity of wire 
is 0’023 O /m/mm*. The approximate value of space factor is 0'55. 

Solution. 


Current 


6000 

~100 


=60 A and resistance jB«* 


100 


60 


>i-67 a 


Coil height without wrapping A/*0'23—2x0 015=0 20 m. 
Coil depth without wrapping d/*0'27—2 x0-015=0"24 m. 
Winding area ^ w =0'20 X 0-24=0'048 m*. 

Area of conductor, a**T ^^- l * . 10* mm* 


J12. 


n 

RSfAn 


T 


. 10 ** 


p 1ml 

Number of turns J'=979, 
Conductor section ‘a’*- 


1 67 X 0-55 X 0 048X10* 
0 023X2 


.0958 X 10* 


979X0-023X2 


R 167 

Using a conductor of 14X2 mm section. 

Area of conductor ‘a’— 14X2=28 mm*. 

The insulation between layers is 2‘5 mm thick. 

12 . 


=271 mm*. 


200 


Number of layers height wise* T4+2 

The insulation between turns is 1 mm. thick 

240 

Number of turns depth wise* 

Number of turns used T= 12 X 80*960. 

Total copper area*960x28 mm , “0"0269 m*. 

0 0269 

Actual space factor a/* q.q^q — “ s ° 

ACA v/ A»A09 v/ O 

—*1-58 Q. 


Actual resistance R* 


28 

*63*4 A. 


, 100 

Actual current p58 s 

Actual power dissipation* 100 x63"4 W*6‘34 kW. 

Actual mmf provided *960 X 63-4=6086 A. 

Example 5*9. A cylindrical magnet coil provides an mmf of 6500 A with 68 V across 
its terminals. The heat dissipation from its external cylindrical surface is 1900 Wfmt. Ths 
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insidt diameter of the. coil i« O'10 m and the length of mean turn is O'43 m. If the copper space 
factor is 0 6, calculate : 

( i ) the. cross section of the conductor (i») the height of Ike coil (tit) the number of turns 
in the coil. 

Assume the resistivity of wire as 0'02 Qfmjmm *. 


m i .1 . - , p Lmt 5500x002x043 _ __ , 

Solation. Area of conductor a=AT =*»-^-=0*C6 mm* 

Length of mean turn Z/«*=Jt(0'l +d/)=0'43 m. (given) 

Depth of winding d/=0'0375 m=37'5 mm. 

Outer diameter of coil=01-f2x0'0375=0"l75 m. 

Heat dissipating sur face =■ outer cylindrical surface = x(0* 175) A/=0'55 hr. 
Heat dissipated^* 1000x0'55 h/ =550 h/ 

Current /= PP wer ,s ^~"- / =10 hj. 

voltage 55 

Mmf «/T=10 h/T. 

Turns T~ S ’^X 10*= ^'x 10-- *>x0mnx0± X 10*. 
a a 0 86 


Substituting the value of T obtained above, 

mmf=10 hfX ^ fX ft ° ^ —X 10‘=0'2616x 10*A/*=5500 (given). 

Height of coil A/=0’145 m 

cenn 

Current = 10 A/= 10 X 0‘ 145 = 1*45 A and turns T= -r—r c =3800. 

1'45 


Example 5' 10. It is required to establish a 
flux density of 12 Wbjm * in an air gap 10 mm long 
and O'12 x 0 06 m* in cross-section with the help of an 
electromagnet shown in Fig. 5'12. Design the coil of 
(he electromagnet giving its height . and area of cross • 
section of conductors and number of turns in the 
winding. Also calculate the width of core winding. 
The coil is operated from a 110 V supply. Assume 
space factor = 0 ' 6, resistivity of copper—0 02 Q/m/mm* 
and current density =2 A/mm \ The heat dissipated 
from outside coil surface should not exceed 2000 Wlm*. 
Mmf required for iron parts is negligible. 

Assume that the height of coil is approximately 
6 times its width. 



Solation. Mmf required for gap, 

AT»= 800,000 BZ, =800,000 X 1 2X 10X 10"*»9600 A. 


Total mmf AT=9600 A as the mmf required for iron parts is negligible. 
Winding area A.-j£ 1 (T*- 10-- -^10-* 


_ 9600 

” 2x0*$ 


X 


10“*—8000 X 10~* m* 


i 
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where Sm u:rent density*»//o, A/mm* 

Now A*-hfXdu or A/X <//--=■ROOD X 1 0 ~* 

A/=5d/, /. f>d/*=fl000;s io * 

or depth of winding <f/=0‘64 m and height of winding AfM> 20 m. 

The plan of core and winding is shewn in Fig 5'la. length <>! mean turn 


L»t«2(0*]2+0-04) + 2(0'05 + 0*04) 
—0 50 m. 


Length of outer turn L 0 ~ 2(0’ 12+2 x 0 04) 
-1-2(0*05+2x0-04)=0-66 m. 

Area of each conductor 

__ (AT) P 
O— -- 


9fi00x 0 02X0-5 . 

- -—0 t 7d mm*. 

1 ill 


Exciting current~So*»2X0*873; f=l*746 A. 
Number of turns in the winding 


AT 9600 

* -, =30 - 1 

I i*746 


=5500. 



Fig. 5 13. Plan of core and winding. 
All dimensions ir. mm. 


Power dissipation P—Vl — 110X I*/46= 192 W. 

Outside coil surface 5=2 Lmt df-\-hf L<>=2X0*5 x 0*04+0*2 xO*66=»U'l72 m* 
Power dissipated from outer surface of coil 

P 192 

ssr-*»-- U 16 W/in* 

S 0*172 

This is within the maximum permissible value of 20iK) W/m* 


Example 5*11. The channel 
and coil of a magneto-hydro-dynamic 
machine are shown in Fig- 5 14. A 
field of B Wbjm* is to he established 
in the channel. The mmf required for 
iron parte ie negligible. 

(а) Show that the depth of coil 
is df**BlpoSf%- 

( б ) Show that the power lose in 
the coil is given approxi- 

. maiely by: 

P**2 p 8 BU hf/fiQ 

Assume channel length U to 
be very large as compared 
to width w e . 



Fig. 3 14. M.H.D. Machine 


(e) Show that the magnetic field energy stored in the channel per watt of jiower dissipa¬ 
tion is approximately Bwtffp 8 - 

where S/**space factor, current density and p**resistiriiy. 

(d) A magneto lydrodynamie generator requires a channel with lt**25 m, w,»4 m and 
hf—0'8 m. The flux density in the channel is 1 5 Wbfm* The water cooled co ". is operated 
at a current density of 10x10* Ajm* (10 Ajmm'). The space factor is O' 4 and the operating 
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temperature is 40 °C. Estimate the power dissipated bp coil. Calculate also the weight of iron 
and copper used in the generator. Density of «opper is 8900 kg/m* and that of iron 

7800 hg/m*. Resistivity of copper at 40°C is I'87 x 10 * Q m. 

Solution, (a) 1’hc flux density B is to be established across an air gap of length h/. 

ft 

Mrof required for air gap=- hj 

Mb 

B 

Total mmf AT^ATt** - h{, since the mraf required, for iron parts is negligible 

Mo 


Now 


or 


AT=*TI—T So But Ta~8fA»*=S/hfdf 
AT=bS/hfd/ (with a expressed in pi* and S in A/m*) 
B 


Mo 


hf^bSfhfdf 


( 6 ) 


Width of winding d/= 2?/poS/8 
Length of mean turn Lmt= a 2lt. 

Power dissipated P-PJ-TJ 9 — I=(TI) P L~t 

a 


d) 


But 


/7 1 —total mmf*— hj 
Mo 


and —*8 
a 


P-^.p.U,8 

MO 

Now Lmt"*2 U 

Power dissipated P——^ p. 2/. S— — -. 

Mo Mo 

(e) Total magnetic energy stored in the channel 

P* 

W —energy density X volume of channel —i— Xltwjkf 

Mo 

Magnetic energy stored per unit power dissipation 

_ W lB t Uwthjl2p o Bwe 

P 2P$Blch/jp 0 4p$ 

2 p8P Uh f 


Power dissipated P« 


Mo 

2xr87xl0“ , xl0xl0 , x 1-5X25X0*8 


4nX 10“’ 


W-8*93 MW 


Depth of coil 

Volume of copper 
Weight of copper 

Volume of iron 


Weight of iron 


df 


B 


1*5 


=0 3 m. 


M»S/8 4k X 10“ 7 X 0*4 X 10 X 10* 

-5/X 2I.Mf-0‘4X 2 x 25 X0*8 X 0*3—48 m*. 

-8900 X 4-8- 42 7x10* kg 

-i*Xy X2 Y‘4 , w«+2d/+ 

—I*w«(fcH-2cf/+2sr*)—25 X4(0"8-H2 X0S+2 X 4J-940 m*. 
-7800 X 940-7 33X10* kg 
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5 6. Index Number of electromagnets. '1 he shape of a m.»gmt ix dependent upon 
its force and stroke. In general a large force n>.igu< i is chat.tctrri/ed by large diameter 
while a small force magnet is small in diameter. A long stroke magnet is long in 
length and a short stroke magnet shr rt if they are to be economically designed. The cross* 
sectional area of working gap of a magnet is directly proportional to the force and hence the 
diameter is proportional to the square root of force. 7'he length is proportional to the 
stroke. The ratio square root of force and the stroke is an index of the shape of the 
magnet- and hence is called index number. Therefore 

Index number ...(511) 

where F —force of magnet, kg ; and stroke of magnet, m. 

The index number forms a logical basis for determining the type of magnet to he used 
for a particular application. Table 5'2 shows the range of index numbers economically 
covered by each magnet. 

Table 5'2. Economical range of Index Numbers 

"" i 

Typ* of Magnet | Economical Index Number rang* 


Flat faced armature 
Horseshoe 
Flat faced plunger 
Conical faced plunger (45*) 
Tapered plunger 
Leakage flux 


Above 7500 
200 to 20000 
1400 to 7500 
30 to 1400 
17 to 30 
Below 17 


5 7. Design of Flat-Faced armature type circular magnet. The design of 
electromagnets is based upon four fundamental equations. (For dimensions refer to Fig. 5‘1). 

(i) Force Equation. The force exerted by an electromagnet is : 



Index number—» 

Fig. 5 - 15 . Gap flux density-index number curve of Set faced electro magnet. 
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The circular magnet has two working faces and therefore the force exerted by this 
magnet is : 


E*A JPA 

F-2XU51 ———0102 kg. 
Mo Mo 


...(5*12) 


The value of flux density to be used is taken from Fig. 5'15. * 

(«) Magnetic circuit equation. Some mraf is consumed in the iron parts whose 
dimensions at present are unknown. However this mmf may he estimated as 15 per cent of 
total mm f. 

Total mmf require d 

AT— mmf for two air gaps+n mf for ir'>n parts. —2 X 800,000 Blg-\-0'\h AT 

=» 160,0000 Big +015 i T ...(5*13) 

(its) Heating Equation. From Eqn. 5'8, Temperature rise. Maximum temperature 


rise 


9 -^(x)‘ xl °- ° c 

The ratio of height to depth of winding is ; 

hfjdf ~3 to 4 for index numbers uplo 40,000 

■=2-3 to 4 for index numbers 40,000 to 80,000 
=2 to 4 for index numbers 80,000 and above. 

Now depth of winding d/~r 9 — r, (See Fig. 51) 


6 dTVvio-« 

- 2S f (r 2 ~r 1 ){ hf) ° 


(514) 


pLml 


a 


(tv) Voltage Equation. Voltage V**IR=IT 

*=*(AT) ..( 515 ) 

5*1. Design of a small circular magnet. 

Pi sblem. Design a flat faced armature type circular megrtt with the. folhwng data : 

^ stroke **0 625 mm ; force **200 kg ; voltage =0 volt; 

temperature rise <** 70 °C above an ambient temperature of 20 °C. 

The magnet is continuously rated. 

Solution. For dimensions refer to Fig. 5*1. 

Index number= V' ^ t — =*22602 

a 0625 X 10» 

Referring to Fig. 515, flux density corresponding to index number 22600 is 1*17 

Wb/m*. 

Taking a flux density of T1 Wb/m* in the air gap. 

„ 0102 B*A 

From Eqn. 512, for a flat faced magnet, " 3 


Mo 

, „ Fite 200 X 4" X10“’ 

or area of umcr pole A - - Q . jgg-^r 0 *102 X(1 1)*' 


•2*04x10”* m* 
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Area A— 'Jtrj* where »j=radius of inner pole 

r 1 =(2‘04x m«s=2fj'5 mn>. 

Now AT= 1600,000 Bl v 1 - 0 '15 .47' 

or 0‘85 AT=1600,000x 11 X0 625X 10 3 ;. AT--\'MV A. 

Resistivity at a temperature rise 70°C above an ambient u mporaf -c cf 7'uX, 

P~0 01734 (1-i 0'00303x70) --0 022 Q/m.u-i 8 . 

Assume c=0‘085 °C~m*/W. (Refer to Fig 5M) 

In this type of magnet, the coil is generally wound on a brass Ir-bi.t'., for 
the smaller size*, which fits snugly into the soil pace I hn, tin (.alias 
a good thermal contact with iron pans, Tbrreioie a ' lowc value of V 
is being taken and this value is based upon outer c.) liixltital surface only. 

iS/=»0'5. J’he space factor of bobbin wound cauls varies from fl'G fX, large low 
voltage coil to 0 4 for small high voltage coils. As this toil is a small low 
voltage coil, a value of 0 3 is assumed. 


and 


hi= 

df r 2 -r, 


From Eqn. 5'14, 


temperature rise 



e p c / .IT \ 
Ni{r a ~r i) \hf ) 


XU) «°C. 


As the coil is continuously rated, t—-1. 

X 0 022 X 0 0d r ) 


70 


2X0-5 hf/4 



10 " 


or height of winding hf— 56"5x 10~ 3 m = 56'5 mm. 

From above, depth of winding r 2 ~ri = ~ 14’1 mm. 


r 2 =sl4'l + ^—14 1 f-25'5=39'6 mm. 


The rest of the dimensions of the iron path are now computed on the basis of main* 
taining the iron cross section at all points iqual to that of inner po’r tore. t'.e. * r,*. 

Calculation of t 2 . The lines of force are shown in Fig. 5 1. 

Area of flux path*=2 «r, t\. 

This area should be equal to the area of the inner pole cere. 

2 it tj®® 5 * r t *. or < 1 =r 1 /2=*12 1 75 mm. 

Area of Conductor. From Eqn. 5 15, V =- ~ ri — —- 

.. , . _ (AT) p n (h+ft) 

or area of conductor <*■-^- 

1300 x 0-022xnx(25-5-f-39-6)xl0-« , 

5 6 ' 
=*0’975 mm*. 

Diameter of conductor d=*(0'975 X4/«) 1 '* =* 1‘ 11 mm. 

A standard synthetic enamel covered conductor of diameter 112 mm is available. 
(See Table l/’7.) Area of conductor used o*»(u/4)X(l'i2)*"0'985 mm*. 
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The outer diameter of enamelled conductor, 

it-1'215 mm (using medium covering). 

Coil Design. 7 he gross winding depth (r 2 —r,) includes the following thicknesses 
besides the thickness of the winding itself. 

(а) th’>knes‘ of bobbin tube=fl *8 mm, 

( б ) thickness of insulation between bobbin and coil. TTiis consists of oiled linen or 
mtea about 0‘4 mm thick, 

(c) coil insulation consisting of mica about 0*4 mm thick. Press board washers about 
0*2 mm thick arc also inserted at the two ends, 

(d) allowances of about 01 mm between insulated coil and iron to cover up 
irregularities. 

Tolal a!!cwanccs=0'8+0*4-f 0*8+0‘1=2*1 mm. 

Net winding dcpth= 14‘ 1 ~2'I =» 12 0 mm. 

12‘0 

.*. Number of layers depth wise= ^ ^ ] 5 ' ** ^ 


or 

or 


Besides the insulated wire, the height of winding hr includes : 

(а) thickness of two flanges of the bobbin each equal to thickness of tube. 
Total tliickness=*2 X 0*8= 1*6 mm. 

( б ) mica about Q *6 mm thick and two press board washers 0*2 mm thick. 

7'otal thi< knos‘.=0*6+2+0 2=1.0 mm. 

(c) allowar.ee for irregularities about 0 2 mm. 

Total allowances 0 *-1 * 6 -}r0+0*2=2*8 mm. 

Net winding height=56‘3—2 8=53*7 mm. 

53 7 

Number of layers height wise= ^. ~— =44. 


Total number of turns =44 X 10=440. 

Total cross section of bare copper=440x 0*985=433*4 mm*. 


Actual space factor £/* 


433*4 


*0544 


1 in\) X 14 I 

Length of mean turn Zmi=«(r 1 +r g )=u(25 5+3d*6)mm=0‘2045 m. 

440x0*022X0*2045 


Resistance of winding R * 

6 


Current I— 


2*01 


0*985 
*2*985 A. 


*201 Q. 


Actual mmf AT=440 x 2*985«1313 A. 


Temperature rise from Eqn. 5*14, 

1 X 0*022 X 0*085 


6 . 


2 X 0*544X14*1 X10 
Calculation of r t . For equal iron area, re(r s a —rg t )=ur 1 > . 

*=•4 rT+JT* - V 25*5*+39*6*-47* 1 mm. 
Calculation of t t . . For equal iron areas, 2nr g f|=KTi* 


r» “(56*5 X10"*) X10 -- 65 ^ C * 


,_r,*_ (25'5)» 
*2f| 2X39*6 


*8*2 mm. 
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2. Design of a Large Circular Magnet 

Problem. Design a 110 V d.e. circular magnet to lift ingot* of weight 20,000 kf from 
a distance of 5 mm. The following data may be assumed : 

flux density »n the air gap=08 Wb/m *, flux density i» the iron parts—‘12 Wbjm*t 

mmf required for the iron parts** 10 percent of that of gaps 

leakage factor**T25, current density — 2 A/mm*, space factor O S 

depth of 'binding— 2 X height of winding. 


Solution. 


Force exerted by two poles — 


0 102 B*A 

bs 


k g- 


„ O'102 X (O'B) 1 A 


Area of pole core A ~ 


4nX*10“ ? 
20,000 X4w XI0" 7 
O'102 X(O'tt) 1 


20,000 (given) 
—0 385 m*. 



ig. 5 16. Large flat faced circular magnet. 


A hole of diameter Do—O' 15 m is provided at the centre of the inner pole (Refer to 
Fig. 516). 

Area of the inner pole=(n/4) (Dj*—015*)«-0'385 m*. 
or D x =0-716 m.—0‘72 m. 

Mmf required for the two air gaps*-2 X 800,000 B U 

**2 X 800, 00 X 0‘8 x 5 X lO - '—6400 A. 

Mmf required for the iron parts=y^- X 6400*640 A. 


Total mmf required**6400 +640- 7040 A. 

Ta Tl 

Total winding area x * 10 ~* 

x 10~**=7'04X 10~* m*. 

0'5X2 

Also, Am-dfXKr*2hj* (as h/-2d/) or 2V-7 04X I0“». 

Height of winding h/—0'0593 m ad0‘06 m*=60 mm. 

Depth of winding %e»2 A/—2 x0*06*»0'12 m**120 mm. 

Inside diameter of outer pole Dj—Di+2 d/**0'72 +2 x O' 12**0'96 m. 

The outer diameter of outer pole D», can be found by equating the area of the outer 
pole with that of the inner pole. 

(«/4) W-JV)-0'385 
D,-l'19m 


or 


or 


(n/4) (D, , ~0'96*)-0-385 
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or 


or 


or 


Air gap flux per pole =0*8 X 0*385=0*308 Wb. . 

Flux in iron --leakage factorXair gap flux*l‘25 X 0*308=0*385 Wb. 
Area of iron in the path of flux 

=_ flux P- e J-P-° —_„ 0 . 32 , m a 

flux density in iron 12 

Ou^er diameter of the magnet shell is given by : 

(r.j 4} (i) 4 *- =--0'321 or (w/4) (Z> 4 *-0 96*)=0*321 

U 4 -~ 115 m. 

Thickuev <S metal in outer shell 

D % ~]> t _ I I5-0 96 


t r 


~ —-J -“0-093 m. 


Ar *a of iron above the exciting b inding at diameter D 2 =rtD t t 3 

0321 


t ,** 


•~0" 106 m. 


2 kXI-96 

Area of iron above the ixuting winding at diameter 

0 321 


* s n x0*72 

IT; men r of hole ii. the castii g above the inner pole is given by : 
(w/4) tfV~i; 2 )=--0'32! or Z)=0 33 m. 

D-D 0 72-0-33 


=0142 m. 


Ihiikness <.fimt.il 


=0195 m. 


Drf.ign of Coil. I.i aving 10 mm each, as allowance for insulation and former etc 
both in depth and height, 

ini winding depth ==0-12—0 01 = 0-11 m = 110mm. 

and opt winding height *0*06- 0 01 =0 05 m=50 mm. 


Length of mean turn Lmt—n(DiA <f/) BS,t (0‘72 4 0 12) =2*64 m. 

* r , 4 „.p2«t 704040023x2-64 

Area of conuuctor a—A! ~™ — -—r— -=3 83 mm*. 

V i Id 


(The resistivity of copper is taken as 0"023 jU/m/mm*) 
Diameter of conductor <2=2*21 mm. 


Using round copper conductors with fine d c.c. 

From table 17 5, 

diameter (bare) of standard conductor=2’24 mm. 

Area of conductor used, a=(*/4) X 2*24**3*94 mm*. 

Diameter of insulated conductor*2*515 mm. 

•*• Number of layers depth wise* 43- 

2 515 

Number of layers height wise =-~j^-e£20. 

2*515 

Total turns T=43 X 20=860. 

Actual resistance of winding* * 860 X 0 023 X 2 _6 4 ^ 3 5 

a 3*94 
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Actual current — 8 '$ A Actual mmr=&fi0x/»-3=7i38 A. 

P'>wer =110X8‘3=9I3 W. 

Total di&sipating area of coil considering all the surfaces, 

8 =2 Lmt (ti/~f A/) s =2x2 64 (0"I2+0’06) - *»0'93 m*. 

913 

Vov ar dissipation from coil surface= v — 9G 1 W/m* 

0'y.) 


'^responding to 961 W rn\ ceding foetfici.'u' r~9 OBP/C -nrr/W. 

.'ve i ig. 5 8 fur mil* *ith good titerm.il contact with iron). 

„ 913x0088 

i emperature rise — --84 5 C. 

095 

The temperature rise of coils is, however, much smaller than 84 , 5 U C as the coil is not 
continuously in the circuit at d is put in the circuit intermittently. 


58. Design of Horse shoe-type magnet. For dimension refer to Fig. 5‘3. 

The four fundamental design equations for a horse shoe magnet are : 

(») Force Equation. There are two working gaps and ihtrefore the force exerted is 


02 J 

F —<>'102 ----- kg. 

Mo 

The value of flux density is taken from Fig. 517 


..(516) 


(») Magnetic Circuit Equation. The mmf required for iron parts may be taken 
as bstween 10 to 20 p'rc *nt of total mmf. As there are two gaps, the tumf is : 

.47=1600,000 Big f (01 to 0‘2) AT 
(Hi) Heating Equation. Temperature rise 




x 10~« °c. 


25/(r a --ri)\ hf } 

The depth winding d/«=r t —r,. 

Ratio h/jdf is usually 6 to 8 for horse shoe magnets. 

(tv) Voltage Equation. Voltage V=AT— 


..(517) 

...(518) 


...(519) 


Problem. Design a horse-shoe magnet with the following data : 
force^S kg ; stroke=2 5 mm ; voltage=120 V ; 
temperature rise =70° C above an ambient temperature of 20° C. 
The magnet is continuously rated. 


Solution. For dimensions refer to Fig. 5*3. 

Index number =_^._4~ s =894. 

2'5 x 10 * 


Corresponding to index number 894, the air pap density is nearly 0'3 Wb/m*. 
Fig. 5*17). 

The value of flux density used is 0" 4 Wb/m*. 

Area of each pole face ^ “6*oa* *(ift)* *0*385 X10-* m«. 


(Sea 
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and 


Fig. 5'17. Gap flux density-index number curves of horse shoe electro-magnet 
Using square pole faces, we have. 

Width of pole face W—4o 385X 10~* in=0 0196 m=i20 mm. 

Actual area of pole face**20x 10~*X20X 10“ , =0‘4X 10 _a m ! 

Flux in the air gap **0‘4X0'4X 10"*—0'l6x 10~* Wb. 

Taking a leakage factor 1’8 for the yoke. 

Flux at the base of pbles 4>*~T8X0'16X 10 - *= a 0'288X 10 * Wb. 

Taking a flux density of 1 5 Wb/m* in the p >le core. 

Area of pole core “* --192 X10 m 

Radius of pole core n—4(\/is) X0192 X 10"* m=£8 mm. 

Taking the mmf for iron to be 20 percent of total mmf. 

From Eqn. 5'17, AT=\ 600,000 X 0 4 X2 5X 10"*+02 AT 
Total mmf AT*-2000 A. 

We have Om=70 8 C and «=1 

p=*0 022 fl/m/mm 1 

c=0'095°C—m ,(, W (See Fig. 5’7. The coil is in poor thermal 
contact with iron.) 

Sf- 0'4 as it is a small, high voltage magnet. 

- 7 

df r t —ri 

From Eqn. 518, 

Temperature rise *-“251^7) (if) X ‘°‘‘ 

„ 1X0-022 X 0 095 /2000V 

70 ” raw {nr) xl ° 
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or height of winding A/«*O’ 1 m and depth of winding v 


OM 


or 


From Eqn. 5'19. 


=»0'014 m»14 mm. 
r a “ 14+8=22 mm. 
prc(f,+r t l 


a 


_ 2000 X 0'022 X n(8+22) x 10- 
' 120 ' 


*0 0346 mm*. 


Diameter of bare conductor d —0 21 mm. 

From Table 177, the nearest standard conductor has a diameter d**=0‘212 mm. 

Actual area V =~r'< (0-212)*»0‘0353 mm 1 . 

4 

Talcing a clearance of 3 mm between adjacent coils, the distance between pole centres. 
i)=2r a +3=2x22+3«=47 mm. 

Taking width of yoke equal to width of pole face and the area of yoke equal to area 
of pole core, 

nr, 1 nX8* 


W 


Qt 10 mm. 


The leakage factor for armature can be taken as 1‘3. 

Flux in armature ® 0 —leakage factor X air gap flux=l'3x0'l > X 10"**»0'278x I0 - * Wb. 
Taking a flux density of 1 '5 Wb/m*. 


Area of armature 


0278 X10-* 
1-5 


«0-185xl0-*m*. 


Taking width of armature equal to width of pole face, the thickness of armature. 

0185X10-* 

*■- 20Zi0*— 9 25 mm - 


t can be taken equal to 5 mm. 

Coll Design. The outside diameter of enamelled wire from Table 17*7 is 0'258 mm. 
The gross winding depth r a —r t will include besides the thickness of winding : 

(o) coil tube of kraft paper 0*8 mm thick 
(6) coil cover 0*1 nun thick 

Net winding depth■»14-*0’8—O'l“13‘i mm. 

13*1 

Number of layers depth wise^ q-gsa *50. 


Besides winding, the height of coil includes two paper margins of 0*4 mm each. 
Net winding height"“l00—2X0’4*99‘2 mm. 

99'2 

Number of layers height wise^q^g “584. 

Total turns»884 X 50“19200. 

. . - 1 200X00353 

Actual space factor “— ioo x —• 0 
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Length of mean turn =«(r, f r a )==« X30 X 10“ 3 —0‘0942 m. 

„ . r . .. _ 19200 X 0022 X 0 ; 0942 

Resistance of winding —-0 r 0353-=1127 12. 


Actual current 
Actual mmf 


Actual temperature rise 0m 


1127 s0 ' 1065 A * 

= 19200X0-1065=2045 A. 
„ 1X0-022X0 095 . 


0'4P4 >. 1 4 X j 0 » 


72045\ 2 

A o-i ) 


X 10~®=64'5°C. 


5 9. Design of a Plunger type magnet. The four fundamental design equations 
of a plunger type magnet shown in Fig. 5 4 are : 

(») Force Equation. As there is only one working gap, the force exerted is 


TP 4 

0 051 - kg. 

Mo 

The value of air gsp flux density is taken from Fig. 518. 


...(5'20) 



Fig. S‘18. Gap flux density, hfld f >index number curves of flat faced plunger type magnets. 

(it) Magnetic Circuit Equation. Referring to Fig. 5 4, it can be seen that the 
magnetic circuit of this type of magnet includes, besides the working air gap and iron, a fixed 
cylindrical air gap oflength Igc and having an axial width t s . This gap must be included in 
the calculations. The mmf allocated to this gap is*entirely arbitrary. Where it is desired 
to reduce the size, a large percentage of total mmf should be allocated to this gap. This m mf 
ranges from 5 to 15 percent of total coil mmf. 

Taking mmf required for iron parts to be 20 per cent and that required for cylindrical 
gap as 10 per cent of-total coil mmf, the total mmf is : 

AT=800,000‘J5Ks4-0‘3 AT ...(5 21) 
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(*tt) Heating Equation. Temperature rise. , 

0,»-; r 7 tp - (4 ? ’ Y U* 

.’Sf iro- r t ) \ hj ) 


-..(5 22) 


The depth of windiug r^. Fig. 5 i ?• gbcs the range of ratio h/fdf for different 

values of index number. 


(iv) Voltage Equation. Voltage V=^(AT) 


prz(>\ fn) 


■ --(5*23) 


Problem. Design a plunger typ- electromagnet uilh fallowing verifications : 
stroke— 3 mm ; fore-—50 bj . voltage-- 120 F ; 
temperature rbc—70 °C above an ambient (i mp, ratuu of 20°< ’ 

The magnet has an intn mitt rut rating with hating time 0 1. 

Solution. For dimensions refer to Fie. 5 4 


*f 50 


235-7 


From Eqn. 5*20, 
or area of plunger 


or 


Index number 

3 x ur« 

Referring to Fig 5'i8, a flux density of 1 Wb/m* is used in the air gap. 

T {2 4 

JP«0-05! -- 

a = o - 50 X It )' 7 _ , n ., , 

^ 0 051 «*”"0'(»5l > (1 ) 3 123x10 m ‘ 

Radius of plunger r t ~- y /(t /“) •< 1 '23 X 10 3 m—20 mm. 

Now, for a plunger type magnet 

AT^mO.m) Hlg f'O'3 AT (See Eqn. 5 21) 

800.000 Illg _ 800.000X 1 x3x 10"* _ 

At ~ 0>7 - ()'7 

Assume paO-O’2 D/m/mm 1 . 

o= i 0'085°C—m 2 /W. (Refer to Fig. 5‘7. 
thermal contact with iron.) 

,S/—0'45 as the coil is small and the voltage is relatively high. 

f iL=JtL — f> (See Fig. 5-18). 

df r a — r a 

0w--70°C and ?“0’ 1. 


3430 A. 


The coil is in good 


or 

or 


We have, 

From Eqn. 5*22, 

Temperature rise 


height of winding 


fc -_ai-T^Y *io- 

0-1 X 0022 X 0-085 { 3430 \* 

70 2X0 45 XA//5 ~\h7 ) X *' 

hf- 56 X i0“* m=5b mm. 


56 


= 112 nm. 


or 


depth of winding djr a —rp ^ 

f 2 =I T2+ri«=ll‘2+20 0=31 2 mm. 

The shell and the end pieces are made of an inferior magnetic material compared with 
oluneer and hence they should be operated at a lower maximum flux density. Therefore, 
the area of shell and end pieces is increased to 125 per cent of plunger area. Computing rest 
of the dimensions, for the outer shell : 

n(r,*-r,*)»l-25 Kr t * 
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or r 3 —*f I 25 r l a + r 2 2 =VT25x(20) 2 +(31*2) 2 =*38*4 mm. 

We-have, 2«r 1 <i = l’25 n/, 1 . .*. /,=0-625 r 1 *=12'5 nun 

Also 2itr*l 2 ®=l *25 r x *. t 2 =0*625 ri*/r a *=8 mm. 

Flux through the fixed cylindrical gap <J>o=leakage factor X nrj* £ 

*■1 45 n(20 X 10*») X 1 -1*82 X 10~® Wb. 


(.\ssuming leakage factor =*1*45) 

The thickness of brass tube is 0’5 the clearance between plunger and brass 

tube is 0*05 mm. 

Length of cylindrical gap lgo—0'5 +0*05=0*55 mm. 

Area of flux path through cylindrical gap 

™n(2r 1 +W<5=»w(2x20+0*55)lO*3Xf (l ~0*127 
Flux density in cylindrical air gap 


*.r 

or 


Bg§ ~ 


1 *82X10-* 0*0143 


Wb/m 2 


0*127 f s * « 5 

Mmf for cylindrical air gap ATg*=* 0*1 ^7**= 343 A. 

Therefore, we have .47*, *= 8000,00 £ gt lg* 

0*0143 

800,000 X T — X 0 * 55 X 10"*=34 3 
*s 

f s **0'018 m«*18 mm 

Coil Design. Conductor area a=— P^fri+r*) 

3430 X 0*022 X it X ( 20 + 31 * 2 ) X 10 "® 


120 


■•0*101 mm 


Diameter of bare conductor d=0'359 mm. 


Synthetic enamelled conductors are used. Referring to Table 17*7, 
a standard conductor of 0*355 mm bare diameter is selected. 


Actual area of conductor a—(«/4)X(0*355) 2 ==0*099 mm®. 


The gross depth of winding includes the following allowances : 
(») 0 5 mm thick brass tube and 0*05 mm clearance, 

(«> 0*4 mm insulation between brass tube and coil, 

(Hi) 0*6 mm insulation outside the coil, 

(m>) 0*4 mm allowance for irregularities. 

Total allowance-**0 55 +0*4+0*6+0*4—1*95 mm. 

Net winding depth*® 1*12—1*95=9*25 mm. 


Outside diameter of insulated conductor=®0*415 mm (see Table 17*7). 

925 

Number of layers depth wise®*o^TT s “ 22 * 

Making an allowance of 0*5 mm for mica and 0*75 mm of fibre at both ends, 
net winding height-*56—0*5—2 X 0*15«*54 mm 


54 


Number of layers height wiae*®** ^:^ 


'130. 
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Total turns J’= 130 x 22 =2860 

Space f.aor , 2860 x 0 099 

56xll'2 

Length of mean turn=n(r,+r 2 )=i*{20+3r2)X I0 _ *=0'J6! n.. 

Coil resistance =2860 X — 2 |, - ^ - - 161 =102 3 Q 

u oyy 

Current = 1^T ^ 1 ‘ 175 A * 

Total mmf = 1 • 173 X 2860=3350 A. 

. O'IX 0*022X0-085 ( 3350 

Temperature rise «■- 2 x0 45 X 1 i : 2x l TT - T 


Space factor 


Coil resistance 


Current 
Total mmf 
Temperature rise 


=2860X 


= 102 3 Q 


-=*1*175 A. 


15 / 3350 \* n _, 

* l 56X10"*] ° “ 664 C 


5*10. Magnetic dutches. There are two types of magnetic clutches. 

(*) Friction clutches. They are annular type and are provided with friction rings. 
The connections to the electromagnet of the clutch is made through slip rings. Fig. 5*19 
shows a friction type magnetic clutch. The type of clutch is designed for brief periods of 
slippage when connecting the load (such as when connecting a 200 kW generator to an 
engine running at 150 r.p.m. without stopping) but not at maximum load when con* 
nected. 


Friction ring 


Spring 

disc 





Driving 

shaft 



Driven 

shaft 



Fig. 5* 19. Magnetic clutch. Fig. 5*20. Friction ring. 

(it) Magnetic Couplings. Magnetic clutches without friction rings are known 1 
magnetic couplings. 

9*11. Design of Friction Clutch. Ln 

Z>r=mean diameter of friction ring, m ; 

At— area of contact of friction surface, m* ; 
p=pressure over friction surface, N/m*; 
n=speed, r.p.s. 
p=co-efficient of friction. 

Therefore, force on friction surfaces =p^4r. 

Tangential force which produces slipping **ppAr. 

Power transmitted kW=T« X 10 _ * 

-(ppJr)*y-( 2it»)Xl0-« 

—(itppArDr*) X 10“* 
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• • 


At X Dr -■* 


kWXlO* 

nppn 


A factor of saiety must be allowed, partly for the reason that the peak power trans¬ 
mitted is generally considerably in excess of the average full load power and it is to guard 
against slipping at such times. 


Let F.S. be the factor of safety, which will generally have a value between 2 to 3. 
Introducing this factor, we have 


F.S. xkWx 10 s 

At X Dr— - 

nppn 


-(5 24) 


'I he value of co-efficient of friction p for pressures between 350 to 700 kN/m sl i« about 
O’15 for iron on iron and 0’35 to 0'4 for special asbestos friction lining on iron. 

Area of contact Ar—mean periphery of friction ringX radial depth of ring 

—nDrXdr 


nDr'dr- 


F.S. XkVV X 10* 
rtupn ~~ 


or 


DM r« 


F.S .vkWxlO* 

n*fipn 


...(5’25) 


The mean diameter Dr and radial depth dr of friction ring should be so proportioned 
as to allow room for the electromagnet between the shaft and the friction ring. 

Now, force to be transmit ted —pAr—npDrdr 


To this we must add the force exerted by the spring (which keeps the two parts of the 
clutch apart when the electric circuit is open). 

Total force to be transmitted F—pA r + force of spring. 

The problem now reduces to designing a flat faced armature type circular electro- 
magnet to exert a force F as given above through a distance of about 1‘5 mm with the outer 
diameter of the outer pole equal to inner diameter [Dr—dr) of friction ring. 

The flux density in the air gap may be as high as 1*0 to 1’4 Wb/m*. 


Example 5' 12. What pressure would be necessary between contact surfaces each 
60x10'* m* in area in a magnetic clutch of average diameter 1 metre running at 200 r p.m., 
the co-efficient of friction being 0'2 and the power to be transmitted being SO kW when the clutch 
is just on the point of slipping ? 


or 


Solution. 


From Eqn. 5*24, we have : 


F.S.XkWxlO* 

At X Uf -- 

itppn 

F.S.XkWxlO* 

pressure *p»= 


We have factor of safety F.S.«=I as the clutch is about to slip 

kW=50, p-0 2, 200/60 

Ar*»0’06 m*, and D—l m. 

•• u X 0 2 X (200/60)X0’06X1 “ 40XI04 Wm '* 

Design Problem. Design the field magnet of an electromagnetic dutch to transmit 
46 kW Ivp. at 875 r.p.m. with a factor of safety of 8. Assume co-efficient of friction* O' 4 
pressure on friction ring* 450 kN/m *, mean diameter of friction ring-0'6, coil voltage—110 
toli 4.6, 
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Solution. Speed =-^~*6’25 r.p.s. 

From Eqn. 5'24, 

. T) F. S.XkWx 10 *_3x45x10*_ 

T T ~ nppn “ WX0"4X450X 10* X 6 25 
=0 0382 m*. 

Area of contact of friction ring Ar=0'0382/0'5=0'0764 in* (as £> r =0'5 m) 

But Ar*=nDrdr 

Radial depth of friction ring dr=«—4f-=-~ 7 — -=0 0486 m. 

T UJr “XU j 

Taking dr=0*05 in=50 mm, -4r=nx0'5x0 05=0’0785 m*. 

Force to be transmitted =j>Ar=450 X 10 3 x0‘0785=35325 N. 

Considering in addition the pressure of spring, force to be transmitted 

F=40,000 N. 

The clearance between two sides of clutch is assumed as 1'5 mm. 

The problem now reduces to designing a circular magnet to exert a force of 40.0(H) N 
through a distance of 1 ‘5 mm. 

The design details as regards magnetic circuit and winding can be worked out in a 
manner similar to the one used for 'design of large circular magnets. 

UNSOLVED PROBLEMS 

1. A horse-shoe magnet with a uniform cross-section of 0-07 m* is used to lift mild steel plates of 
negligible reluctance. The length of flux path through iron is 2‘3 m. Assuming the flux leakage to be 
negligible, calculate the current which must be passed through its two coils having 800 turns each to support a 
weight of 6000 kg. The B—H curve for magnet material is: 


B 

Wb/m* 

0-6 

0-8 

10 

1-1 

1-2 

H 

A/m 

600 

720 

900 

1030 

1250 


[An*. 1-45 AJ 

2. The following particulars relate to horse-shoe type magnet, total pull =-30 kg; total mmf of both 
coils—7000 A ; air gap flux density-078 Wb/m*; length of each air gsp-=5 mm. Calculate the pull when the 
mmf is increased to 8700 A, which has the effect of increasing the mmf required for iron parts by 50 percent. 

[Ans. 44 kg] 

3. A contactor coil is wound on a former 0‘10 m between flanges, 0 075 m in flange diameter and 

0*025 m in gross diameter of tube. Calculate the number of turns which can be accommodated in the winding 
if It la wound with S.C.C. copper conductor having bare diameter-0* 122 mm and covered diameter=0-222 nun. 
Amuse that the conductors do not bed. Also calculate the resistance of winding at 20°C if area of cross* 
section of each conductor is 00117 mm*. [Ans. 50,000,11,400 A] 

1 4. A huge oil switch is closed by means of an electromagnet having 800 turns and takin j 176 A at 
normal voltage and temperature. It is desired to unwind sufficient number of turns to enable a current of 
200 A to pass. Find how many turns should be removed from outside. The dimensions of the coil are. Out* 
side diameter—0*! m; Inside diameter—0-225 m. [Ana. 73] 

5. A coil of 4000 turns has an outside radius of 50 mm and an inside radios 20 mm. Estimate the number 
of turns to be removed from outside to reduce the resistance by 25 per cent, [Ans. 750j 
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6. A circular lifting magnet has a gap length of 12 5 mm, flux density in air gap=0*5 Wb/m*, mmf 

for air gap=0*9 of total mmf, length of mean turn =0'5 m, coil voltage—55 volt. Calculate the area of cross- 
section of conductor of the coil winding. Assume an average temperature rise of 40®C over an ambient tem¬ 
perature of 20°C. [Ant. 2 mm*] 

7. Design the exciting coil of a 110 volt lifting magnet to obtain the greatest mmf with a power 
dissipation of 6 kW. The gross winding space is 0*25x0-22 m* and length of mean turn—2 m Assume space 
factor—055 and resistivity of copper at working temperaturc—002 A/m/irtm*. 

[Am. turns— 1260, area of conductor=25 mm*, mmf = 68600 A] 

8. A coil of a solenoid operated switch requires 10.000 A. The inside diameter is 0*06 m and the 
length 0*2 m. The heat dissipation is 1500 watt per m* of outside cylindrical surface at working temperature. 
The operating voltage—100 volt. Find the number of turns, the conductor c,oss-section and the current. 

Take retMtivity=0*02A/m/mm* and space factor=0*6. 

[Ana. turns— 7600, conductor cross-section=0*625 mm 1 , current— 1*32 A] 

9. A magnetic actuator shown in Fig. 5*21 is used to raise a load through a distance. The coil has 
10000 turns and carries a current of 1 A. The magnetic material is not saturated upto a flux density of 
1*5 Wb/m*. 

f r'i Determine the maximum air gap for which a flux density of 1*5 Wb/m* can be established 
with a current of 1 A. 

(6) Calculate the force exerted with value of air gap determined in (a). 

(e) The density of material is 7800 kg/m*. Determine the approximate value of mass of the load 
which can be lifted against the force of gravity. 

(d) What is the value of current required to lift the unloaded actuator from a distance of 4*17 mm. 

[Am. 4*17mm; 584kg; 578 kg;0*101 A] 



Fig. 5*21. Magnetic Actuator. 

(All Dimensions In mm) 

10. An electromagnet coil hiu an internal diameter of 0*3 m and external diameter of 0*4 m. Its 
height is 0*2 m. The outside cylindrical surface of the coil can dissipate 1000 W/m*. Calculate the total mmf 
of the coil if voltage applied across the coil in 50 V. Assume space factor—0*6 and resistivity—0-02 A/m/m*. 

[Am. 8500 A] 

11. Show that the ohmic loss per unit mass in a coil is proportional to the square of the current 
density. Find the ohmic loss/kg in a coil worked at a current density of 1*5 A/mm* at the working temperature. 
Resistivity of copper-0 02 A/m/mm*. The coil is made of copper which weighs 8900 kg/m* [Aaa. 5*05 W/kg] 

12. A circular lifting magnet is to lift a weight of 15 Mg from a distance of 6 mm. The diameter of 
inner pole is 0*4 m and the area of outer annular pole is equal to the area of inner solid pole. Design the 
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exciting winding of square cross-section for this magnet giving the height and width of winding, number of 
tarns, area of each conductor and the winding current. Assume the following data : current density ~2-4 
A/mm*; space factor=0-5 ; length of mean turn- . 5 m, /esistivity—0 022*/m/mm*. inner diameter of exciting 
winding-diameter of inner pole (i.e. p‘4 m): outer diameter of exciting winding—inner diameter of outer 
annular pole. > The excitation voltage is 220 V. The mmf required for iron parts is 20 percent of total mmf. 

[Ans. Turns-=■2780,7—5’22 A, a— 2175 mm*, d/—0*11 m ; outer diameter-'0'738 m3 

13. The following particulars relate to a magnetic dutch. Calculate the area of contact of friction 

ring. 

Data : kW— 15; r.p.tn—400; factor of safety—3 ; coefficient of friction—0*17; pressure at contact 
surface—250 kN/m*; mean diameter of ring -0*5 m. [Ans. 0-1 m a ] 

14. The plunger of a flat ftced cylindrical plunger type electromagnet has a cross-sectional area of 
150 x 10~* m*. The coil of the magnet has 3000 turns and a resistance of 8 A. It is connected to a 12 V d.c. 
source. The magnetic material may be assumed perfect upto its saturation flux density 16 Wb/m*. 

(a) Determine the force as a function of gap length 

(b) Over what range of gap length will the force on plunger b« essentially constant because the 
saturation density has been reached ? 

(c) If the plunger moves slowly from a gap of 10 mm to fully closed portion, calculate the 
mechanical energy produced. 

J Ans. F— N; 7,-3 33 mm ; 8 9 J j 
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Armature Windings 


6’1. Introduction. Armature winding of a machine is defined as an arrangement 
of conductors designed to produce emfs by relative motion in a heteropolar magnetic field. 
The action of rotating electromagnetic machines is dependent upon the conversion of power 
that takes ;/uce through the medium of magnetic field ; an emf being induced in the winding 
that experiences a change of flux linkages. 

Electrical machines employ groups of conductors distributed in slots over the periphery 
of the armature. The groups of conductors are connected in various types of series—parallel 
combinations to form armature winding. The conductors are connected in series so as 
to increase the voltage rating while they are connected in paralleljto increase ihe current rating. 
Some of the commonly used terms associated with windings are exlpained below : 

1. Conductor. The active length of wire or strip in the slot. 

. 2. Tarn. A turn consists of two conductors separated from each other by a pole pitch 

or nearly so, and connected in series as shown in Fig. 6'1 (o). The conductors forming a turn 
are kept a pole pitch apart in order that the emfs in two are additive to produce maximum 
resultant emf. 

3. Coll. A coil may consist of a single turn or may consist of many turns, placed in 
almost similar magnetic position, connected in series. In the former case, the coil is called 
a single turn coil while in the latter case, it is known as multi.turn coll. A single turn 
coil is shown in Fig. 6'1 (a). Fig 6i (6) shows a 3-tum coil. However, any number of turns 
could be included in a coil before bringing out the coil ends. 






Coil 

side 


(a) Single turn coil (A) 3 tom coil («) Representation of multi-turn 

(or single turn coil) 

Fig. fri. Single and Multi-turn coils. 
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4. Coil side. A coil consists of two coil sides which are placed in two different slots 
which are almost a pole pitch apart. The group of conductors on one side of the coil 
form one coil side while the conductors on the other side of the coil situated a pole pitch (or 
approximately a pole pitch apart) form the second coil side. Fig. 61 (c) shows the representa¬ 
tion of a coil irrespective of whether it is a single turn or a multiturn coil. 

The connections joining the conductors form the end connectors or in the mass, the 
overhang or end-winding. When the two coil sides forming a coil are spaced exactly one 
pole pitch apart they are said to be of full pitch. However* the coil span may be less than a 
pole pitch, in which case the coil is described as ehort pitched or chorded. 

,6-2. Single layer and two layer windings. There are two basic physical 
types for the windings. They deal differently with the mechanical problem of arranging 
coils in sequence around the armature. The two types are : (*) Single layer winding, and 
(it) Double layer winding. 

Single layer winding. Fig. 6’2 (a) shows an arrangement for a single layer winding. 
In this type of winding arrangement, the whole of the slot is occupied by one coil side of a coil. 
Single layer windnigs are not used for machines having commutators. However, some advan¬ 
tages of these windings are : 

($) Single layer windings allow the use of semi-encloscd and closed t>pes of slots. 

(ii) With single layer windings, coils preformed at one end can be used. These coils 
are pushed through the slots from ore t nd of the core and are connected up during the winding 
process at the other end which happens to be free end. The use of pretormod coils wherein 
the insulation can be prop, rly applied and t. isolidated is a great advantage especially in large 
output high voltage machines. 

High voltage single layer windings use small groups of concentrically placed coils. These 
coils are interlinked in such a way as to minimize both space taken up outside the slot and 
in the overhang connections. A coil group employs coils of different coil spans (and hence of 
different shapes), with average span of coil group being equal to pole pitch. Small rating low 
voltage induction machines use mush type single layer winding. 






op cuit sid* 
(Top layer) 

Bottom coil side 
(Bottom layer) 



<•) 


<b> 


(c) 


Fig. 6*2. Single end Double layer windings. 

Doable layer winding. The two layer windings have identical coils with one coil 
side of each coil lying in top half of the slot and the other coil side in bottom half of another 
dot exactly or approximately one pole pitch away. Fig. 6 2 (b) shows a double layer winding 
with 2 coil sides per slot. Each layer may contain more than one coil side in i ' Pin o large 
number of coils are required. Fig. 6‘2 (c) shows an arrangement wherein there are 8 coil 
sides per slot. Open slots are frequently used to house double layer windings. 

The advantages of double layer windings are : 

1. Double layer windings give a neat arrangement with all coils being identical. 
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2. Double layer windings give greater flexibility in design because, of the ease with 
which the coil span (or coil pitch) can be chosen. 

6 3. Closed and open windings. Armature windings are classified into two 

categories : 

(») Closed type and (*») Open type. 

Closed windings. In this winding there is a closed path around the armature. Thus 
if starting at any point, the winding is followed through all its turns, the starting point is 
reached again. The current flowing into a closed winding is through brushes placed on a 
commutator whose segments are connected to different armature coils. The armature current 
divides itself into parallel paths which retain their spatial orientation irrespective of the 
position of the rotating winding. Even though the coils carrying this current are continuously 
changing, the view of the winding from the brush always remains the same and thus the 
brushes maintain the same polarity. This is possible only through the use of a commutator. 
The closed windings arc used in d.c. and a.c. commutator machines because in these 
machines they are a must in order that the commutator may accomplish its purpose as a 
switching device. Closed windings are always double layer type. 

Open windings. Alternating current machines where commutator is not used, it is 
not necessary to use a closed winding. These machines use open winding. In open windings, 
the armature may be left open at one or more points. The ends of each section of 
the winding can be brought out to terminals and then any desired inter-connection can 
be made externally. Where an open winding is possible, it is universally preferred to a closed 
winding because of the flexibility in design and the freedom of connections. 

Open windings may be either single layer or double layer type and are used in a.c. 
machines like induction and synchronous machines. 

Closed windings which are adapted for connection to a commutator are usually caueu 
‘‘D.C. Armature Windings'' while open windings which are exclusively used for a.c. 
machines are known as A.C. Armature Windings. These two t) pes of windings are dis¬ 
cussed in details in this chapter. 

D.C. armature windings 

6 4. Coils and Coil Sides. D.C. armature windings arc closed and double layer type 
with each coil, consisting of an upper coil side at the top 
of one. slot and a lower coil side situated at the bottom of 
another slot approximately a pole pitch away. The coils are 
diamond shaped made in special forming machines. The 
back and front bends are constructed so that one coil side is 
on a circumferentially higher level than the other. This 
construction makes it possible to place the higher coil side 
in the top of a slat, and the lower coil side in the bottom of 
another slot (Fig. 6*3). 

The number of slots required in a machine is equal 
to the numbci of coils if the slot contains two coil sides, one 
in each layer. But in high voltage and low speed machines, 
the number of coils is large and it therefore, becomes, necessary 
to have 4,6,8 or even more coil sides per slot (2, 3, 4 of more 
coil sides per layer) as it, is not always possible to increase the 
number of slots. Fig. 6*4 shows a winding having $ coil sides 
per slot. 

6*5 Numbering Scheme. All the top coil sides 
are numbered odd while all the bottom coil sides are num- 



Fi«. 6*3. Diamond shaped coil 
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bercd even as shown in Fig. 6‘4. It is to be noted that coil side 2 is under coil side 1, while 
coil side 4 is under coil side 3. The numbers 1, 3, 5, 7 ttc. at the top and 2, 4, 6, 8 tic. at 
the bottom progress clockwise. 


Coils 

t n ra 



Fig. 6*4. Winding with 6 coil sides per slot. 

6*6. Coil Spao. The number of teeth embraced by the two coil sides of a coil is 
known as its coil span. It is usual that the coil span of each armature coil be made equal 
to the pole pitch (in terms of number of teeth embraced) although the coils are deliberately 
chorded in special cases, while with certain winding arrangements, it is not possible to have 
the coil span exactly equal to the pole pitch s.e. where the number of slots is not divisible by 
the number of poles. Consider a winding with 37 slots and 4 poles ; a pole pitch covers 
37/4 r -=9i slots. Thus the coil span can either be 9 or 10 slots (or teeth). It is usual to take 
die nearest whole number, 9 in this case. If the coil span is chosen as 9 slots and if the top 
coil side of a coil lies in slot i, the bottom coil side will lie in (1 -f 9)■■10th slot. 

6 7. Types of D.C. Winding*. Modern d.c. machines employ two general types of 
windings : 

(«) Lap windings (6) Wave windings. 

These two types of windings differ from each other in two general ways: (») the number 
of circuits between positive and the negative brushes, and (tt) the manner in which the coil 
ends are connected to the commutator segments. 

The coils in both lap and wave windings are identically formed. 

The most commoly used windings are the simplex lap and wave windings. In tits 
•implex lap winding (Fig. 6’5), the finish Fx of coil I is connected to start 5j*of coil II 
starting under the same pole as start Si of coil I. The connector connecting F t and 8 a is 
connected to commutator segment 2 adjacent to segments 1 to which start Si of the coil I 
and the finish of last coil are connected. 

In the aimplex wave winding (Fig. 6 6), the finish F l of coil I is connected to start 
8u of coil XI (for this particular case) which is located under a similar pole to one under 
which coil I started. This means that the starts of two consecutive coils (Si and Sn) are two 
pole pitches apart in wave winding. 

6*8. Winding pitches, 

6 8T. Back Pitch. The distance between top and bottom coil sides ofacoil r 
measured around the back of the armature (away from the commutator) is called the hedi 
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Coils 1 A Coils l II XI 




pitch and is designated as yt. The back pitch is measured in terms of coil sides. Since yt is 
the difference between an even and an odd number and must, therefore, always be an odd 
number. In Fig. 6'5 and Fig. 6'6, the two coil sides of coil No. I arc numbered 1 and 12, 
therefore yb— 12 — 1 = 11 in these cases. The back pitch of a coil determines the size of the 
co'l and is nearly equal to coil sides per pole. 

6'8-2, Front Pitch. The distance between two coil sides connected to the same 
commutator segment is called the front pitch and is designated as y/ The front pitch for 
the lap winding shown in Fig. 6'5 is y/=(12—3)=9 and that for the wave windixig shown in 
Fig. 6'G is y/—(23—12)=11. It is noted from above that the front pitch for both lap and 
wave windings is odd. If we trace the connection for lap winding the movement is backwards 
(from coil side No. 12 to coil side No. 3) while for a wave winding the movement is in the 
forward direction (coil side No. 12 to No. 23). Thus, the front pitch determines the type of 
winding only and it does not affect the size of the coils. 

6 8 3. Winding Pitch. The distance between the starts of two consecutive coils 
measured in terms of coil sides is called- winding pitch and is designated as Y. 

Y^yb—y/ for lap winding ...(6*1) 

Y=yt+y/ for wave winding ...(6*2) 

For the simplex lap winding shown in Fig. 6'5', the winding pitch, F=ll —9=2. 

While the back pitch for the simplex wave winding shown in Fig. 6*6 is 

r«ll+ll«22. 

6‘8 - 4. Commutator Pitch. The distance between the two commutator segments 
to which the two ends (starts and finish) of a coil are connected is called the commutator 
pitch. It is measured in terms of commutator segments and is designated as y«. Thus from 
Figs. 6 5 and 6‘6, 

y e =2—1=1 in the case of simplex lap winding for all cases ; and 
y e =12—1 =11 in the case of simplex wave winding of Fig. 6*6, 

On tracting through the simplex lap winding in Fig. 6 5, a segment adjacent to the 
first one is reached after traversing through one coil, while for simjplex wave winding (Fig. 
6‘6), the adjacent segment is reached after traversing through p/2 coils. 
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6*7. Simplex Lap Winding. As discussed earlier the back pitch yt> is an odd 
integer and is approximately equal to coil sides per pole. Therefore : 

— ±K -(6 3) 

P 

where, 

(/“number of coils in the armature, p“numbcr of poles, and 

JT“a number (integer or fraction) to make yt> an odd integer nearly equal to 2 C/p i.e. 
coil sides per pole. 


C oll progression 
1 D m 





I I 


There are two ways of connecting 
the armature coil sides to the commutator 

(*) progressive, (it) retrogressive. 

In the progressive winding (Fig. 

6'7), the jointing to the commutator 
progress around the commutator in the 
same direction as the coils progress around 
the armature. In this case, finish of coil 
I is connected to the start of coil II lying 
to the right. Thus for progressive lap 
winding: 

T“y*-y/=+2 I (a) 

*-7/2~H. ](6) " (64) 

In the retrogressive winding (Fig. 6'8), the 
jointing to the commutator progresses 
around the commutator in the opposite 
direction to the progress of coils around 
the armature. The finish of coil II is connected to nart of coil I lying to the left. 

Thus, for retrogressive lap winding : 

T“||»—y/“—2 | (a) 


C oil progression 


Vi 

I 
I 


mu 



—Iy c l- 

Jolnting progression 

Fig. 6'7. Progressive 
lap winding. 


rni 1 

trtir 


n 


Jointing progression 

Fig. 6*8. Retrogressive 
lap winding. 


and 


and 


y«=y/2= — 1 


(6* 


Thus, for a simplex lap winding : 

r-i2i(«) 
i J ( b) 


...(6‘5) 


...(6-6) 


Progressive type lap windings are commonly used while use of retrogressive windings 

is rare. 

Example 6*1. Draw the winding diagram in radial form fot a i pole, 12 slot simplex 
lap connected d.e. generator with commutator having 12 /segments. Indicate the position of 
brushes. 


Solution. Slots per pole**-12/4=3. 

Number of coil C=number of commutator segments** 12. 
Number of coil sides=2(7=24. 

Coil sides/slot ** 24/12=2 

9 n 94 

From Eqn. 6’3, back pitch y»=—-± JT=— ;fcl“7, 5 

Mr ' 

y>“7 is used since this permits the use of progressive winding. 
From Eqfi. 6’4 («), for a progressive lap winding 
front pitch 2“7-~2«*5. 
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(In case y**=5 is used, yj is either 7 or 3. If y/«7 is used, it results in a retrogressive 
winding which should be avoided. On the other and yt— 3 cannot Oe used since the winding 
pitches should be nearly equal to coils sides per pole in order to get maximum emf) 

For drawing the winding diagram in radial form, the armature with 12 slots each 
having two coil sides and the commutator with 12 segments are drawn as shown in Fig. G‘9. 

. In orwsr to facilitate the connections, a winding table is drawn which is given below. 

Winding Table* 

1 <-■ 8 —► 3 — 10 -*— 5 +-— 12 

—► 7«—14—► —16—*11*—18 

—► 13«—20—► 15-<—22—*17*—24 

—► 19«— 2 —— » 21 — 4 —» 23-»- -6 

' '$|htiing with coil side 1 at the front it is connected to commutator segment 1. Coil 
liu ' 1 is connected to coil 8 at the back. Coil side 8 is connected to coil side 3 at the front. 
The junction of coil side 8 and coil side 3 is connected to segment 2. Proceeding in similar 
way, all the coil fsides are connected. Also the connections to the commutator segments 
are made. 



Fig. 6 9- Simplex lap winding of a 4 pole, 12 slot, 12 segment d c. generator. 

The polarity of four poles and the direction of rotation are arbitrarily chosen. The 
slots containing coil sides 1 to 6 and 13 to 18 are under the influence of N poles while slots 

•The arrow from right to left («--) indicates connection at the back (with y t -7) and the arrow from 
left to * ipht (—►) denotes connection at the front (with jy-5). 
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containing coil sides 7 to 12 and 19 to 24 are under S poles. Tlu: direction of the emfs it 
coil sides is marked by using Fleming’s right hand rule. The direction of current flowing is 
the same as that of the emf. The directions of*current flowing is marked for the coil 
sides and the end connections. Current flows from commutator into cross marked coil sides 
while current flows from dot marked coil sides into the commutator. The commutatoi 
segments are connected to the junctions of top and bottom coil sides at the front end. 

The brushes are placed on those commutator segments, the two coil sides of which 
earry current in the same direction. A careful inspection of the winding diagram of Pig 6 9 
allows that the current enters the commutator at segments 1 and 7 and leaves the commutator 
at segments 4 and 10. Thus four brushes are placed at segments 1, 4, 7 and 10. Brushes at 
segment 1 and 7 have the same polarity. They are joined together and the terminal is 
marked —ve (as the terminal where the current enters a generator is—ve). Similarly, 
brushes 4 and 10 arc joined together and the terminal marked as -fve. 


Starting at commutator segme 
direction, a derived diagram can be 
drawn as shown in Fig. 610. This 
diagram includes all coil sides and 
shows the directions of emf. 

There are four (equal to number 
of poles) reversals of emf. Though 
the winding is short circuited on 
itself, there is no circulating current 
as the resultant emf across the circuit 
is zero. However, if connection is 
made to the winding at four equi¬ 
distant point as shown, it-is seen that 
four equal paths are formed from 
which an external circuit can be 
supplied. Each parallel path 
consists of all top coil sides under 
one pole together with the bottom 
coil sides of adjacent pole. In 
general, for a simplex lap winding 
the number of parallel paths is equal 
to the number of poles. 


nt 1 and progressing round th“ wind ng in clockwise 



Fig. 6' 10. Derived diagram for winding of Example 6- i. 

6*2. Draw the winding diagram in developed form for a eimplex lap wound 
24 elot, 4pole d.c. armature with 24 commutator segments. Abo draw the sequei.ee diagram to 
show the position of brother. 


‘ 8ehrtlea. Slots per pole«-24/4»=6 


Number of coils C"*number of commutator segments« 


* 24 . 


Number of coil sides**>2f?«^2 X 24**48. 


Coil sides per slot ■■48/24"*2. 
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Back pitch ± j£=* ± 1*■13 or 11. 

The winding table is given below. 

Winding Table 

1*—14—► 3«—16—► 5«—18—► 7«-20—► 9«— 22 —H U -24 

—► 13«—26-> 15«—28—► 1 7 <—30—► 19«-32-^21«—34—>-23 «—36 

->-25 «—38- >274 -40—»-29«-42-»31-«-44-*>33«—46-►SS*—48 

- >374 - 2 -► 39 *- 4 -> 41 *- 6 -► 43 -*- 8 -* 45*—10 -► 47 -*- 12 

- ► 1 

The developed winding diagram is shown in Fig. 6*11. The direction of the emfs 
shown arc for a generator with the poles on top of the winding. 



Fig. 6-11. Simplex lap winding. 

Slots=-24 Poles ==4 coil sidcs/Slot=2 

v y-+2 . ?»=13 y f ~ ll 

A complete developed diagram of the winding is shown in Fig. 6' 11 in which the top 
coil sides are shown as thick lines and the bottom coil sides are shown as dotted lines. The 
poles are at the top of conductors, crch pole covering about 2/3 of a pole pitch. The 
directions of ends induced in the conductors lying under each pole are -ndicatcd by arrow 
heads. 

Sequence diagram. 7 he sequence diagram for the above winding is shown in 
Fig. 6*12. This dirgram is drawn to lccate the position of the brushes. The brushes are 
placed on a commutator segment, the two coil sides connected to which carry current in 
the same direction. This diagram shows that a simplex lap winding has as many parallel paths 
as the nutrix r of poles (4 in this case as p*>4) and the r umber of I rush sets is equal to the 
number of poles. 
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Fig. 6* 12. Sequence diagram for winding of Fig. 6*11. 

69. Simplex lap winding with more than 2 coil sides per slot. We have 
considered a lap winding with 2 coil sides per slot. Often there are 4 or more (even) coil 
sides per slot. In such cases the value of back pitch yt should be so chosen that all the coils 
having coil sides in upper layer of one slot should also form the bottom layer of another slot. 
If the value of yt is not properly chosen it may result in coil sides in the upper layer of 
one (same) slot being connected to bottom coil sides of two different slots. This requires the 
use of split coils. The coils with their top coil sides in one (same) slot but having their bottom 
coil sides in two different slots are called aplit coils. The use of split coils is not desirable 
from practical point of view. An example given below illustrates this, 

Example 6 3. A 4 pole d.c. armature having 40 slot* and 120 coile is to be provided 
with a simplex lap winding. Work out a suitable winding arrangement so that split coils are not 
used. 

Solution. 

Number of coils sides=2 X120=240. 

Number of coil sides per slot=240/40=6 

o r* oac\ 

From Eqn. 6*3, back pitch ~ ±1=59, 61. 

For y»=59: 

coil side 1 is connected to coil side 1 +59=60, 
coil side 3 is connected to coil side 3+59=62, 
coil side 5 is connected to coil side 5+59=64. 

Considering Fig. 6‘13, upper coil si. es 1, 3, 5 are located in slot 1 while bottom coil 
side 60 is located in slot 10, and bottom coil sides 62 and 64 are located in slot 11. Thus 
it is clear that the top coil sides forming coils I, II, III are in one slot while their corres¬ 
ponding bottom coil sides are in two different slots. Thus the coils are not equal In length 
resulting in split coils which give considerable practical difficulties. 

For 61 : 

coil side 1 is connected to coil side 1+61=62, 
coil side 3 is connected to coil side 3+61=64, 
coil side 5 is connected to coil side 5+61 =66. 

Considering Fig. 6*14, the top coil sides are in slot 1 while all the corresponding 
bottom coil sides are in dot 11. This winding has all the coils of equal length and permits 
the use of completely formed 3 element coils (a complete unit having 3 coils insulated enbloc), 
as shown in Fig 6’15, 
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Coils I II III 



Fig. 6’13. Simplex lap winding with 6 coil sides/slot and having split coils. 


Colls I II HI 



P|g. *14. Simplex lap winding with 6 coil 4d«a/Uot tidag tuuplit coils. 
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It should be borne in mind that at the front end (commutator end) coil sides belonging 
to different slots an* no doubt connected togi ther but these are merely connections and have 
nothing to do with practical formation of a coil. 9 ^ 

In order to avoid split winding the value of yb xhoiM be so chosen that 


Vb— 1 

coil sides per slot 


integer which is approximately equal to slots per pole. 


610. Simplex Wave Winding, In a simplex wave winding as stated earlier, the 
back pitch yb is an odd integer and has a value yb= c (lCjp)±:K. In this winding, starting at 
one commutator segment and tracing the winding from coil to coil, after one trip around 
the armature (which is completed after p/2 coils), we arrive at a commutator segment next 
to the segment from which the start is made. r J he segment of arrival may be either ahead 
or behind the starting segment. The former is known as progressive winding while the latter 
as retrogressive. 


This means that after passing over p/2 coils we come back to a coil side 2 coil sides 
ahead or behind the coil side where we started, giving : 

2 ( 7+2 

Y — " 'pjY ~ f° r progressive winding 


2C7-2 . . . , 

* *or retrogressive winding j 


(6-8) 


or, in general, for wave winding 

v 2C±2 

Pl2 


-(C-9) 


The winding pitch Y is an even integer and is equal to (y»+y/). It is split up into two 
equal or approximately equal parts to obtain back and front pitches. The value of back 
pitch is so selected that it does not give a split winding when the number of coil sides per 
slot is 4 or more. 


In a wave winding, the two ends of a coil are connected to two segments which are 
approximately two pole pitches apart. Commutator pitch for wave winding is : 


or in general 


V*' 


_ C +1 
’ J »/2 





for progressive winding 

* 

for retrogressive winding 

* 


.. (610) 

...(611) 


As r****y/2 and the value of Y is always an even intege.*, the value of f/t should always 
be an integer. 

Example 6*4. Draw the winding diagram in radial form for ad pole, IS slot, simplex 
wave connected d.c. generator with a commutator having IS segments. The number of ooil sides 
per slot is 2. Indicate the position of brushes. 


Solution. Number of coif C—tX2x 13—13 
Number of coil sides —2(7—26 

From Eqn. 6‘3, back pitch ys— 


For progressive windings with commutator pitch 

C± 1 13+1 - 

— "w 7 - 
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Total winding pitch Y*=*2yc —14 

Back pitch y/*y»-2«*7. 

The 13 slots with Mo coil sides each and the commutator with 13 segments are 
' drawn as shown in Fig. 6*16. The winding table is given below : 

Winding Table 

H— 8—►IS*—22—► 3«—10—*17-«—24—► 5< —12—H9*—26—► 7 
—► M*—21«— 2—► 9«—16—►23-<— 4—►IN—18—►25-<— 6—el3«—20 
—► 1. 

Now slots/pole«*13/4«3i. 

Therefore, there are 3 slots each under three poles and 4 slots under the fourth pole. 
The direction of emfs are then marked. The various connections are made as per the table and 
also the connections to the various commutator segments are drawn. On inspection it is 
found that the two coil sides connected to each of the segments 4 and 7 carry current in the 
same direction and therefore the brushes are placed on these two segments. Starting at 



Fig. fr!6. Simplex wave winding of a 4 pole, 13 slot. Fig. 6*17. Derived diagram for 

13 segment d.c. generator. winding of Example 6-4. 


commutator segment 4 and progressing round the winding in clockwise direction a derived dia* 
gram of die winding can be drown as shown in Fig. 6*16, The diagram includes all die 
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coil sides. Going round the winding, it ii found that there arc only two r< v. <r la of 
emf, and therefore two parallel paths. This is always true whatever may be the number of 
poles. The derived diagram is shown in Fig. 6*17. 

Example 6 5. A 4 pole, simplex wave wound armature has 26 slots and 25 coifs. The 
commutator has 25 segments. Work out its winding details. 

Solution. Slots per pole=25/4=6 Number of coil sides *"2 X 25 = 50. 

50 

Coil sides per slot ~25f ""^* 

From Eqn. 6*9, winding pitch Y » - “26, 24 

Take Y “26, Now F“y»4 y/ 

This gives y*“y/**»13 (as both y» and yt have to be odd integers). 

The choice of j/b=I3, gives the coil span equal to 6 slots which is nearly equal to slots 
per pole. 

254-1 

Commutator pitch y«**—-—*-13 segments [See Eqn. 6*10 (o)] 

A winding table is drawn in order to facilitate the winding connections. 

Winding Table 

1—*14—*27*—40—► 3 * —16— *29s —42—► 5-*—18—►3l-«—44 
—► 7«—20—eSS*—46—► 9s —22—*-35*—48—► 11 —24—»-37-<—50 
—,.13<—26—►39«— 2—wlS-*—28—►4H— 4—H7«—30--e43«<— 6 

-„ 1 94 - 32 —b-45-*— 8 —*-21-»34-*47«-10—►23*<—36—>-49«— 12 

-*>25«—3e—el. 

There are 6 slots each under 3 poles while there are 7 slots under the fourth pole. There* 
fore, slots 1—6 and 13—18 are under say north pole and slots 7—12 an.* 19—25 are under 
sou h pole. So coil sides 1—12 and 25—36 are under north pole while coil sides 13- 24 and 
37— r .O are under south pole. 

Fig. 6*18 shows the developed winding diagram for progressive wave winding. 

Sequence diagram. Fig. 6*19 shows the' sequence diagram of the wave winding 
from which we conclude that it has two parallel paths (irrespective of the number of poles) 
and has a m inimum of two brush sets although it is possible to put as many brush sets as 
the number of poles. 

6*11. Dummy Coils. Sometimes with a certain number of coils it is not possible 
to satisfy Eqn. 6*11. yi—(2C f dt2)/por (C±l)/pf2 where y< should be an integer. 

This may happen when a standard lamination has to be used and it becomes necessary 
to depart from exact symmetry and use a number of slots that does not confirm to the above 
condition. This involves the use of an extra coil which is not connected to the commutator 
but is put on the armature to get a mechanical balance. This coil is known as a dummy . 
coil as it serves no electrical purpose. The addition rf a dummy coil should only be done 
in relatively small machines for mechanical balance. Also dummy coil should 
not be used in large machines—its use adversely affects commutation conditions. The windings 
where dummy cons are used are sometimes called forced windings. 

The following example illustrates the use of a dummy coil. 

Example 6 6. Work outths winding details of a 4 pole, simplex wave wound d#, 
§rmmtnre having SI slots with 4 soil sides per slgt, 
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Fl«. 6’19. Sequence digram for winding of Fig. 6*18. 
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Solution. Total toil sides *=*21 x4-*84. Total roils <7—84/2=»42 
From Eqn. 611, y«»-' - ~20* t 21*. 

But ye should be an integer. Therefore it is not possible to use all the 42 coils as 
active coils in the machine. 


The solution lies in making one coil inactive or dummy, therefore, with one coil 
as a dummy coil, ftumber of active coils"*41. 

41 +1 

With C--=*41, we have y e m —«“21 (for progressive winding). .'. F***2, y r *^42. 

Taking ys»21 and y/==21. 

We take ys—21 as we have to satisfy Eqn 6' 7 . 

( i.e. — rz - .H - — -r—-should be integer, to avoid split coils Y 

cou sides per slot ** ) 

The winding is drawn by making one of the coils as dummy. 


6*12. Equaliser Connections. A simplex lap winding has as many parallel 
paths as poles, and each parallel path is made up of coil sides which lie under two adjacent 
poles. If the flux under all poles is equal, the emf induced in all parallel paths will be equal. 
But in practice, it is possible that the emf induced in various parallel paths may not be equal 
owing to the following reasons : 

(*) there may be a difference in the values of reluctance of corresponding iron parts of 
the magnetic circuit (which may be due to defects in castings and structural irregularities 
in core materials), 

(*i) the length of air gap may not be the same under all the poles owing to some defects 
in machining or in assembling, 

(sit) the poles may have different strengths owing to error in putting field windings. 


The unequal values of emfs generated in different parallel paths give rise to resultant 
emfs which act across the armature windings. These emfs acting across the local armature 
circuits produce large circulating currents as the armature resistance is very small. These 
currents flowing through the brushes, result in considerable inequality of brush 
arm currents, give rise to PR losses in the winding on no load, add to the losses 
on full . load both in the winding and brushes, and also introduce commutation difficulties, 
causing overheating and sparking. In order to rid the brushes of these circulating currents, 
equalfs er connections are used. These equaliser ^connections or equalizers are low resis* 
tance copper conductors which connect those points in the winding which under ideal con* 
ditions have no difference of potential between them. If there are differences of potential 
between such points, as is normally the case, equalization of potential will result from the 
flow of current through these low resistance conductors which bypass the current. This 
bypassing of circulating currents reljpyes the brushes of excessive loading to which some of 
them would otherwise be subjected. 

Consider the winding of Example 6*1 as shown in Fig. 6*9. Pairs of coils like I and 
VII, II and VIII etc occupy identical magnetic positions with resprct to poles of like polarity. 
Therefore, their emfs rise, fall and reverse in time phase. Thus, they can be connected 
together in pairs as shown in Fig. 6*10. It is clear that the two points which are to be 
connected together must be two pole pitches apart. The equalizer connections may be in the 
form of rings in which case they are known as equaliser rings. 

1110 perfect arrangement is to equalise the potential of all the coils but it is not 
possible in practice as the number ofunsectKas becomes very large. It is usual to bare 10 
to 20 rings, each having as many cods connected to it as the number of pair of poles. 
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The distance between coils of same potential 

1 y total number of coils C 

"p/2 


20 


coils 


pair of poles p/'l p 
7§t is called the equipotential pitch and is expressed in terms of coils. 
Total number of tappings =» number of rings X pairs of poles 

Xp/2“«p/2 

where number of equalizer rings. 

„ total number of coils 

Distance between adjacent tappings /»»=»■-:-r-?-- 

j rr b total'numbcr of taps 

C 2C .. 

■“—w—to*-coils. 

mX p/2 mp 

Yph i r . railed the phase pitch and is expressed in terms of coils. 


...(612) 


...(613) 


...(614) 


In order that equalizers may be used, the armature winding must be symmetrical. 
This requires that both the number of slots and the commutator segments be a multiple of 
pair of poles. 


It is to be noted here that there are no circulating currents in a simplex wave winding 
even if the magnetic circuits under different poles are not uniform as in this winding the coil 
sides forming a parallel path are distributed over all the pole? and hence all the parallel 
paths are affected equally by the asymmetry in the magnetic circuit. Thus there is no neces¬ 
sity of providing equaliz-r connections for a simplex wave winding. 

Example 6 7. Work out an arrangement for equalizer connections for 6 pole, 27 slot, 
simplex lap wound d.c. generator. There are 4 coil sides per slui. Use 9 equalizer rings. 
Show a part of the arrangement with help of a simple diagram. 

Solution, No. of coils x 4 X 27**54 

Back pitch y»— --g— dbK — 19, Front pitch y/-»19—2«« 17 

20 2 X 54 

From Eqn. 6‘12, equipotential pitch Vo—“*■—g—— “18 coils 

Total number of tappings 8 X-^-«*27 


Distance between adjacent tappings Yph “—«=yr-*»2 coils. 

nip c / 


Ring No. 

y,k 

I 

II 

III 

IV 

n 

D 

VII 

VIII 

IX 

Coll No. 

Y v 

1 

3 

5 

7 

o 

ii 

13 

IS 

17 

T 

19 

21 

23 

23 

27 

29 

31 

33 

33 

T 

37 

39 

I 

41 

43 

43 

47 

49 

31 

33 


The winding arrangement is shown in Fig. 6'20. Thus coils 1, 19 and 37 are con¬ 
nected to equalizer 1. Coil 1 is located in slots 1 and 5 is formed by coil sides. 1 and 18 while 
boil 19 is located in slots 10 and 14 and is formed by coil sides 37 and $4, 















ARMATURE WINDINGS 


245 



Fig. 6'20. Dstails of windings and equalizer connections of Example 6'7. 
Example 6‘8. Work out an arrangement tar equalizer connection* for a 8 pole sim¬ 
plex lap wound d.c. machine having 200 coil*. The number of equalizer ring* i* JO. 


20 r 200 

Solution, Equipotential pitch, 7*=—=|2 X -r- =50 coiU. 

JJ o 

Total number o f tappings =»WX-£- =40. 


Distance between adjacent tappings 

/*>« 


, 2 £- 


2X200 

*15xa" 


•5 coils. 


The layout of tappings is : 


Mbit Nb. 
Ywr* 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

Coil No* 

1 

6 

11 

16 

21 

26 

31 

36 

41 

46 

M of 

1 

SI 

56 

61 

66 

71 

76 

11 

16 

91 

96 

V 

101 

106 

111 

116 

121 

126 

131 

136 

141 

146 


1S1 

1S6 

161 

166 

171 

176 

111 

116 

191 

196 


413. Multiplex Wladiigs. The degree of multiplicity of a multiplex winding 
indicates the relative number of parallel paths with respect to the number ofparailel paths in 
the corresponding simplex winding. For example, a duplex lap or wave winding is a lap or 
wave winding having twice as many parallel paths as a simplex lap or wave winding res* 
pectively. We can define the triplex or quadruples windings in a simil a r manner. 
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6*14. Duplex Lap Windings. Fig 6‘21 shows a duplex lap winding in which the 
commutator pitch y e is 2. It is apparent that the coil 
sides in series between adjacent brush sets is half the 
coil sides per pole ; but if brushes of sufficient thickness 
to cover two segments are provided, the number of 

{ >arallel paths becomes twice that in the case of simplex 
ap winding. 



This leads us to the following equations for duplex 
Up windings: 

(i) Commutator pitch £2 ...(615) 

and winding pitch y*»2y« s » ±4 ...(6'16) 

(**) V»~y/—+4 for progressive winding'* (a)...(6*17) 

«■*—4 for retrogressive winding J(6) 

Duplex windings may be either singly or doubly 
re-entrant. The winding is singly re-entrant, if after 
tracing the entire winding the starting point is reached 
and doubly re-entrant if the starting point is reached 
after tracing half of the winding. With an even number 
of commutator segments, it is obvious that a closed circuit 
is formed after tracing half the coils and thus there will be two independent circuits 
giving a doubly re-entrant winding. With odd number of commutator segments, the wind¬ 
ing would close only after tracing all the coils giving a singly re-entrant winding. 

Example 6*9. 
with 8 parallel patht. 

Solution. As the number of parallel paths in 8 which is twice the number of poles, 
the winding is dupluex lap type. 

Number of coils (?<*72, 

Coil sides/slot —4 


Fig. 6*21. Duplex lap winding. 


Give the winding details for a 4 pole, 36 slot, 72 segment d.c. armature 


Back pitch yy- 


36 

2C 144 

~ ±*»37, 35 


We select yj=»37 as this satisfies the relation 

coil sidelper dot shol,,d ** “ inte 8' r - 

Now for a progressive duplex lap winding: 

ye*= + 2 and -j-4 .*. Front pitch 4**33. 

As the number of segments is even, the winding is doubly re-entrant. 

.. in the case of Up windings, it is possible to wind 

the armature with two independent wave windings. If the commutator pitch y c is imade 

equal to ~instead of then, passing around the annature once-, in tracing the winding, 

connection will not be made to a segment adjacent to the one started with, but to one 2 sev- 
ments away from the starting point. ' z ® ® 

Wave windings may consist of a singly closed circuit (singly re-entrant) or two entirely 
separate dosed circuits (doubly re-entrant). As in the case of a duplex lap winding wfth an 
even number of commutator segments, there will be two independent windings if the commu- 
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tator pitch is even. The winding will be singly closed under all othdr conditions (like 
the number of commutator segments being odd or the commutator pitch odd). 

Q LA 

y* a ~pj2 *° r duplex wave winding. ,..(618) 

Example 4’ 10. Owe the winding details for th* following d.c. armatures : 

(a) 8 poles, 58 slots, 4 circuits with 68 segments, 

(b) 6 poles, 48 slots, 4 circuits with 48 segments. 


Solution, (o) The number of parallel paths is 4 while the number of poles is 8 and so 
the winding is duplex wave type. 


Back pitch ye 


2X58 


8 


±K 


-15. 


Commutator pitch 




15,14. 


Choosing y»— 15, 7—2y<**S0. 

Front pitch y»=*30—-15«=15. 

As ye is an odd integer, it gives a singly re-entrant duplex wave winding. 

If ye«* 14 is used we get doubly re-entrant winding since y« is now even and also the 
number of segments is even. 

(6) As the number of circuits is 4 while the number of poles is 6, it is a duplex wave 
winding. 


ys* 

r- 


2X43 


±*-15, 


y.> 


C±2 43 +2 
' Pl2 6/2 


6 

'2y«—30 ,*. y/-30—15—15. 

As the number of segments is odd, the winding is singly re-entrant. 


-15. 


INTEGRATED APPROACH FOR WINDINGS 

6-16. B elation* between winding parameters. In the Previous few pages, an 
attempt has been made to familiarise the reader with the basic ideas of d.c. armature windings. 
Simple approach coupled with examples has been given in order that the reader may 
grasp the fundamentals. In the next few pages, a general approach to all types of windings 
is being given. This general approach covers all the details worked out earlier. 

In order to analyse the necessary relations between the winding parameters, let: 

S—total number of slots on the armature; p—number of poles ; 

C-e number of coils—number of segments ; 
y,**commutator pitch in terms' of segments ; 

()•—coil span in terms of slots covered ; »—an'even integer, 
u—coil sides, per slot— 20/8 i 
sb 1 —angle between adjacent slots, electrical radian, 

t|»—phase angle between ends of successive coils in die winding, electrical radian.; 
r«c—equipotential pitch, in coils ; 7*—phase pitch, in coib. 
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y n |g 
J 

tio 

(6) 


M 3 

‘ M V 


xe 


In general, without regard to the winding, whether lap or wave, the coil span must 
nearly be equal to slots per pole or 

Coil span C»Ot8/p slots and is exactly equal to S/p for full pitch coils. 

If Ci is less or more than S/p the coils are said to be fractional pitch or ckordcd. 

Consider a winding with full 
pitch coils. If it is assumed that the 
«ux distilbution around the armature 
is sinusoidal, the emfs of individual 
coil sides are sinusoidal, and the 
amplitude of emfs can be represen* 
ted by phasors. Consider that the 
winding has 2 coil sides per slot as 
shown in Fig. 6*22. (o). The angle 
between adjacent slots 

*• "‘ltp/S electrical radian. 

This is also the angle between 
the emfs generated in coil sides of 
adjacent slots. Fig. 6‘22 (6) shows 
the slot emf stars of the winding, 
the firm lines represent the emfs 
generated in top coil sides while 
the dotted lines represent the emfs 
induced in bettom coil sides. It is 
clear that the emf stars for both the 
layers arc identical and therefore it 
suffices to consider any layer. 

Fig. 6*22(e) represents the emf star of 

top coil sides only. Because we have Fig. 6*22. Emf stars, 

eliminated bottom coil sides from the di cussioa. it becomes simpler to consider coils instead 
of cod sides r ig. 6*22 (d) represents tne emf star of coils of the windii gs, coil 1 lying in 
slot I, coil 2 lying in slot 2 and so on [the .numbers marled on the diagram 6 22(d) 
correspond to c ils or slots]. This case, when coil sides per slot «“2, is very important 
for analytical treatment since when tt-4 (as in Fig. 6 23) all c il sides in the same slot have 
emfiuJcnt'cal m phase and identical in phase and magnitude and am be reduced in effect to 
*T. 2 ' , 1 fw is L °, n the ^'option that the emf in a coil side 1s determined by tbe position 
of its s*ot in the mag ietic]field and not by its own position in the slot. * 

6*161. Conditions for a claaed winding. !f »fl the coils of a two layer winding 
with *«*2 and C~S are connected electrically in series, no circulating currents should flow 
if the wir ding ts closed. This requires that there should not be any resultant emf actinir 
around the armature circuit or the resultant of emfs of all the coils should be equal to zero. 
Therefore, for a winding to be closed ...(6* 19 ) 

Fig. 6*24 shows the emfs of C coils (in S slots, C~S), their resultant is zero only if 
C 

2j 4«, ***(6*20) 

where « i« an tvm inti get 2,4, 6...etc. Thus for a closed winding with ««=? and C—8 we 
have: ' 

S «*»Kp and Cty"■*«*. 

ifL-Jl 
4> • 


(c| 



or 




(6*24) 
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Fig. 6-23. Four coil sides/slot and their cmf star. Fig. 6-24. Rmf star for a closed 

winding. 


616 2. Similar parts and number of parallel paths ia a wiading. Suppose 

C 

for a winding, the sua mation £ <|*=Oli=2re. 

1 

C 

Thus £e=0 as a phase shift of 2« is equivalent to 0. 


Therefore, this winding ran be clostd. Now the brushes of opposite polarity are placed 
r radians apait and, therefore, this winding has 2 parallel paths between the brushes. 

C 

Suppose for a winding, the summation £ <|’‘**(7<| ,s *4r. 


This winding can be split up into 2 independent parts, each of which can be closed 
without allowing circulating currents of fundamental frequency to flow, as for this winding, 



C/2 

*2» and, therefore £ e*0. 

1 


Now, the brushes of opposite polarity are placed n radians apart and therefore each 
part consists of two parallel paths. Thus there are in all four possible parallel paths. This 
is true only when it is possible to divide the winding into two identical parts. These two 
parts, each consisting of two parallel paths, can be connected in parallel to increase the 
current rating of the machine. 

The above results can be generalised for any winding having 
C 

£ (where a is an integer). 


In this winding number of similar parts =*o/2 and number of parallel paths**. 

This is upon the condition that the winding can be divide J into a/2 identical parts 
-n eb of which is capable of being closed. 


Suppose V is the h.c.f. of 2 8 and p such that 5'* 


2 8 _ 8 

~ H/2 
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and 


,' = pJ 2 

a\ a/2 


are bath integer:, the winding cm bs divided into o/2 identical parti, 
p’ pole pairs. 


As 


5'<H 


Sj> 

a/2 a/2 


S' 

and therefore £ e=0 

1 


having 


5' slots over 


and 




IM 


(6-25) 


Therefore if ‘ a * is the h.c.f. of 25 and p, the winding will have a/2 identical parts (each 
having two parallel paths) each being closed on itself without any flow of circulating currents 
of fundamental frequency. These ‘a/ 2* parts can be connected in series to increase the craf 
or they may ba connected in parallel to increase the current rating of machines. 


Example 611. Find the number of identical parts and number of parallel jmths in a 
2 layer d.e. armature windin'] with 6 poles, 32 slots and 2 coil sides/slot. 

Solution. Number of slots 5= 32, number of coils C=\ X 2 X 32=32 


Now h.c.f. of 28 and p is, a=2. 

Therefore, the winding can have only a/2=l part capable of being closed. 

Number of parallel paths a=2. 

Example 6 12. Find the number of parallel paths and identical parts in a two layer 
24 slot, 4 pole d.c. armature with 2 coil sides/slot. 

Solution. Number of coils C=24, number of slots 5=24. 

Now h.c.f. of 2 5 and p is a=4. 

Therefore ihi»>. are ajl =2 identic d parti each capable of being closed. Each part has 
2 parallel paths and sj the total number of parallel paths is o=4. This winding can be 
divided into two parts only when it is possible to have two identical parts. 

The conditions for above are 8~2S/a and p'=p/a should both be integers: 

-- 2x24 4 

For this winding, 8 ’——^— = 12, p' =-j = 1 are both integers. 


Thus it is possible to have 2 identical parts each having 5'=12 slots in p'=l 
pole pair. 

6-16*3. Equipotential Pitch. In a winding having a/2 identical parts, it is possible to 
finrl a/2 points having the same potential at every . instant, and therefore capable of being 
joined to com&on terminals by tappings to equalizer connections or commutator segments 

8 28 

or slip rings. Such equipotential points are S '**-^**—— dots or roils apart (for C=5). 
Therefore, equipotential pitch is 

r„«5=25/a=2(7/a Mf (6*26). 

(Compare with Eqn. 6.12, for simplex lap winding, where o-p) 

616 4. Phase Pitch. In order that the winding may be divided into symmetrical 
parts to be connected to si outside terminals (m equalizer rings in case of d.c. machines or m 
phases in a.c. machines) it is necessary to divide each of a/2 parts into » equal parts. . 
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Therefore, number of tappings —m a/2 

a j _l w slots or coils 8 _ 2C' 

** ** 9 total number of tappings ma/2~ ma 

(Compare with Eqn. 6‘ 14 for a simplex lap winding, where a—p) 


...(6*27) 

...(6*28) 


Example 613. A 4 pole, d.c. machine hat 44 tlott. It isto be provided with 2 equali¬ 
zer rings. Find the number of taps and their arrangement. There are two coil sides 
per slot. 


Solution. As there are two coil sides per slot, number of coils C=»3=44. 

H.C.F. of 23 and p is o=4. Therefore, there are 0/2=2 identical parts each having 
2 parallel paths each. 

As 3'=-^ «=22 and p'=^~ = ! are both integers, it is possible to divide the winding 
into two identical parts. 

2 x44 

From Eqn. 6*26, equipotential pitch T«*= - — =22 coils. 

Number of rings m—2 .*. Total number of tappings=2 X 2=4 

2 X 44 

.*. Phase pitch 2x4 "** * coils. (See Eqn. 6*28) 

The arrangement of tappings is : 



616 5. Conditions of Electrical Symmetry. The conditions for symmetry for 


two layer closed windings are : 

U) If the winding is divided into a/2 identical parts : 


(i) 28/a should be an integer, and (it) p/a should be an integer. 


(2) If all the coils are electrically connected and there are no dummv coils (7=»4«S. 


(3) If the winding is provided with tappings 
connected with m terminals, and in order that the 
winding between these tn terminals be symmetrical, 
i.e. Ypb"»2C/ma should be an integer. 

This is the condition for m phase symmetry in 
a.c. machines. 

616'6. Lap and Wave winding*. We know 
that y$ is the commutator pitch in terms of commuta¬ 
tor segments or number of coils between the starts of 
two electrically successive coils. If P (Fig.6‘24) is the 
angle between two electrically successive coil, a« 

» ...(6*28) 
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y• 


t -1 

p 


-..(€1*29) 


1. Lap Winding*. Fig. 6‘25 shows a lap winding. 

Pbd’ this winding, the angle between emfs of electrically successive coils is equal to 
physidfrBisplacement of the coils or <|>=p. 

fio, from Eqn. 6'28, y*=-“ 

or in general y*=»dt — ...(6 30) 


The value of y* has to be an integer and thus : 

-^-=integer-*l, 2, 3.etc. 


(•) For I, we get a—p 

or ’number of parallel paths=number of poles. 

This condition is obtained in the simplex fop 
winding as described earlier. Applying cenc itions of 
symmetry p/a— 1, integer and if 2 S/a is also an inte¬ 
ger, the winding is symmetrical. As a**p, therefore 
for symmetry 2 S/p should be an integer or the number 
of slots should be a multiple of pair of poles. 

(it) For ye—2, we have, o= 2p 

or number of parallel paths—twice the number 
of poles. 

I his is the duplt x lap winding. 

Applying the conditions for symmetry 
p/a—\, which is not an integer. 

Thus a duplex lap winding is never symmetrical. 

Example 614. Find whether the /olletefe. 
simplex lap windings are symmetrical or net i 

(i) 4 poles, 26 slots, 26 coils. 

(it) 6 poles, 37 slots, 37 coils.. 

Solution. (a) H.C.F. of 25=52 and p-4, is 4. 

a=4. Hence, there are four parallel paths. 

Number of poles-"number of parallel paths *4. 

Applying conditions for symmetry 
a 28 

-*-•*1 and ——13 are both integers. , 
a p 

So the winding is symmetrical. 

Thus if the number of slots is a multiple of pair of poles, we get a symmetrical simplex 
lap winding. 

(6) H.C.F. of 25*74 an/d p*6, is 2. «-2. 


Coils { n 
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It can give a symmetrical winding for o=--2. But for a simplex lap winding a*=p. The 
number of poles is 6 while symmetrical winding is possible with «*»2. 

Thus, it is not possible to have symmetrical simplex lap winding with this armature. 

2. Wave Windings. The angle £ between electrically successive coils cannot be 
exactly made equal to 2k because in that case the winding would close on itself, after connec¬ 
ting p/2 coils in series. Therefore, P must cither be made slightly more or less than 2* (Fig. 
6‘26). A divergence of angle 4# from 2k will make successive emfs differ in phase by an 
angle ifc 



Fig. 6*2o. Wave winding. 


P«2k±<Ji. 

From Eqns. 6'28 and 6'29, 

P _ ft a a _ o 2n^_ a 

*«4'P $ PP'I'P 

, Now *#and*i=-^ .. • 

„ # 2«', a_ 2C±o , 

Hence «*■=-±—“ -, where y« is an integer. 

P KO P P 

Re-writing the above relationship as a ^py«i2C. 


Now p and y* are both integers and p is always an even integer and therefore their 
product pye is always an even integer. Also 2 0 is always an even integer (0 being an integer). 
Hence V (™py«±2(7) is always an even integer and its value depends upon the choice of 
y e . From above, it is clear that we can have any even number of parallel paths irrespective 
of the number of poles. 

(t) Simplex wave winding. As stated earlier, the value of parallel- paths depends 
upon the choice of y«. Thus, it is possible to have two parallel paths irrespective of number 
of poles. The winding with o*-2, is a simplex wave winding. For such a winding: 

JiC±2 

P 

From the above expression it is clear that it is not possible to choose any number of 
coils as y« has to be an integer. Thus, there is a fixed number of coils which can be used for a 
wave winding (depending, of course, on the value of p and y«). 
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As the number of parallel paths is a=*2 and thus there is only one part in the wind* 
ing capable of being closed. Therefore, if a simplex wave winding satisfies the above 
relationship, it is always symmetrical as in this case, there will not be any dummy coil, also 
p/a is always an integer ('a* being equal to 2 and p being always an even integer). 

(*'*) Duplex Wave Winding. In this winding the number of parallel paths is equal 
to 4.- In order that there may not be any dummy coil, it must satisfy the equation: 

20±4 

where y« is an integer. 

The windings with no dummy coil will be symmetrical if the conditions 
(t) 25/o=integer and (it) p/a= integer are both satisfied. 


Now, for duplex wave windings 'o’ is always equal to 4 and, therefore, for symmetry 
the number of slots should always be a multiple of 2 and the number of poles should alway 
be a multiple of 4. Thus, a duplex wave winding with odd number of pole pairs can never be 
symmetrical. 

Example 615. Find out whether the following windings are symmetrical or not: 

(a) 6 pole, 37 slot , 2 coil sides per slot, simplex wave winding. 

(b) 4 pole, 3d elot, 2 coil sides per slot, simplex wave winding. 

(c) 8 pole, 126 slot, 6 coil sides per slot, duplex wave winding. 

(d) 10 pole, 81 slot, 6 coil sides per slot, duplex wave winding. 


Solution, (a) Number of coils 0=$ u8*=b X 2 X 37=37. 

_204:2 _20x37±2 lrt 
y«=——-g-=*12, an integer. 


Thus, there are no dummy coils. Also p/a— 3 (integer) as a=2. 
Therefore, it is a symmetrical winding. 

(6) Number of coils 0**§ tuS=30. 

2 X 30dfc2 

y,=- ~=- r not an integer. 

So a simplex wave winding is not possible. 

2X29+2 

Making one coil as dummy, 0=29. y®=- j -=15, 14. 


Thus, it is possible to have a wave winding with 29 coils but it is ui symmetrical 
owing to the use of one dummy coil. 

(e) Number of coils 0=i X 6 X 126=378. 

o v 378 +4 

For a duplex wave winding, ye=——g-=95, 94 (integers) 

No dummy coils are used. 

For duplex wave winding o=4. 

Applying conditions of symmetry, 2S/a—2X 126/4=53 (integer) 
ind 1 p/a=8/4=2 (integer). 

Therefore, the winding is symmetrical. 

(<f) Number of coils 0=f X6 X 81 =243. 

2 x 243+4 

For duplex wave winding, y«=-yg-■* 


49 (integer). 
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Therefore, no dummy coils are used. 

Applying conditions of symmetry : p/a= 10/4=2J, not an integer. 

Therefore, the winding is not symmetrical. 

Example 6T6. (o) If there are « coil sides per slot, show that the number of last coil 
side in nth slot is («n) and of the first coil side is (un —«+j). 

(b) Show the position in the slot and the number of slots in which the following coil 
sides are located: 

(•) coil side S3 when (it) coil side 195 when u—10. 

Solution. Referring to Fig. 6'27. Consider slot No. 1 : 

1st coil side No.**l. Last coil side No.=u. 

Consider slot No. 2 : 

1st coil side No.=tt+l=(2—l)v+I. Last coil side No=2u. 


i 3 u-3 u-1 


utl u+3 2u-3 2u-l 

6 0 0 O 


OOOO 

2 4 u-2 u 


u+2 u+4 2u-2 2u 

o O O 0 


OOOO 


SLOT 1 SLOT 2 


Fig. 6-27. 


1 3 

0 0 

7 


53 55 


o o 


0 o 

2 4 


6 8 


54 56 

0 O 


0 0 


O 

O 

SLOT 1 

SLOT 2 


SLOTH 


Fig. 6*28. 

Similarly, for nth slot 

1st coil side No.—(n—1)«+1 —(*♦»-»+1). Last coil side No=(«n) 

(5) Considering a coil side No. A, 

Let A~ux-\-y 

Then A is yth coil side in slot No. (x+ 1) 

{*) A—53 and n—4. A-53-13x4+1 

or coil side 53 lies in (13+l)**14th slot and it is the 1st coil side there. (Fig. 6‘28). 


1 3 5 7 9 

d oooo 


191 193 85 197199 
0 0 0 0 0 

.44448 




$L0T 1 SLOT 20 


Fif. 6*29. 
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(it) i4«=195, andu*=10. A*' • 195=19X10+5. 

Thus, it lies in (19-f-l)=»20th slot and is the fifth coil side there. (Fig. 6'29). 

Example 6 17. A 6pole, 72 Hot d.c. armature has 6 coils sides per slot. It is to be 
provided with a simplex lap winding having 8 equalizer rings. Find the number of commutator 
segments and th* winding pitches for full pitch coils. Work out the arrangement for equalizers 
and find whether the winding is symmetrical or not. 


Solution. Number of slots S**72. Coil sides per slot u=*6. 

Number of coils C—|«5*=±x6x72**216. 

Number of parallel p^ths o=p=6. 

Number of commutator segments—C—216. 


8 72 

For full pitch coils, coil span C .~— - -g- 12 slots. 


Thus if the top coil side lies in slot 1, the bottom coil side should lie in slot 1 + 12*= 13. 


y»* 


2C 
' P 


±K 


2X216 


±1-71, 73. 


If we choose p»»7l, coil side 1 which lies in slot 1 is connected to coil side 72 which lies in 
slot 12 ; thus the coil span becomes 11 slots. This gives fractional pitch coils while if we 
thoose ps—73, coil side 1 lying in slot 1 is connected to coil side 74 lying in slot 13. This 
gives lull pitch coils. Also with yt~ 73, the relation (yt— 1 )/u=integer is also satisfied and 
thus we do not get split winding. 

Choosing progressive winding, p*=+1 and F*=+2, y/=p»—2—71. 

Equipotential pitch F«=—*= —g-—- *=72 coils. 

«w> 8x6 

Total number of tappings** *“24. 

.... « _ 2C _216 „ .. 

Phase pitch "24~“® COI ^‘ 


Thus the arrangement of equalizer rings is: 


Ml* No. 


D 

II 

/// 

IV 

D 

VI 

VII 

VIII 


* 

i 

10 

19 

28 

37 

46 

55 

64 

Coil No. 

r r 

73 

D 

91 

100 

109 

H 

127 

116 



145 

154 

163 

172 

i 

181 

190 

193 

208 


Applying the conditions for symmetry, 

25 .2x72 ..... p _6 • , . 

(«) -p-+—g— **24» and (it) -p “"-g- «■ 1 are both integers. Also 

there are no dummy coils. Therefore, the winding is symmetrical. 



























ARM ATOM WINDING! 


257 


Eaapl* HI, The armature core of a 4 pole d.e. machine ha* 31 dot*, each derig ed to 
accommodate 4 coil tide* of a simplex wave winding. The winding has a total of 496 conductor*. 
Find the total nataker of ceils, turn* per ooil, commutator segment*, and back, front and total 
pitch**. 


Total number of coils X 4 X 31 —62. 

Total turns **496/2**248. Turns per coil *=248/62—4. 

v C±l 62dbl . , 

Now y.'**” 4/2 11 not 1111 mte 8 er - 

Thus it is not possible to connect all the 62 coils. 

Use one dummy coil. Number of active coils C*=6l 

-*31, 30. Take y,-30. 


Back ditch 
If we choose 


y»~y ±Z- ~^±i-31, 29. 
R*-31, 




is not an integer and therefore this results in split coils. 


Take yt=*29 as this does not give split coils. 

Now y«—30, and F—60. y/—y—y*—60—29=31. 

The winding is retrogressive. 


Now coil side 1 in slot 1 is connected at the back to coil side 30 in slot 8 and therefore 
the coil span is 7 Mots. 

Number of commutator segments—number of active coils **61. 


Example €* 19. A 4 pole, 2 circuit armature i* to develop an emf oj 260 V at 660 
r.p.m. with a flu* °f 0 04 Wb. There are 171 commutator segment* and the armature hat 61 
slot*. Find the number of armature conductor*, turns per coil, coil sides per dott winding 
pitches and ooil span. 

IslstUi, Tins is a simplex wave winding. 

Numb*- of woatun oooducior. Z- ^-“o^wlo)^ -341 - 

Ttuu par coil T.~-|y “5^171“ *' 

Actual number of armature conductors B—2 X1 X171 -*342. 

Ooil sides -2(7-2x171-342. 

Ooil sides per slot 6. 

/ixj i7| i I 

For a simplex wave winding, commutator pitch y«— •“-^—-**86, 85. 

Taking y*— 85, F—2y#—170, andy*—y/—85. 

We take y»— 85 as this does not give split coils. With ys— 85, coil side 1 lying in slot 1 
is connected to ooil side 86 lying in slot 15. Therefore coil span is 14 slots. 

IlsmyIs f'20. Theamabet of conductors in took circuit of a 8 polo simplex lap win* 
ding is to be within 6 per esai of98i the nunber of dots per pole must be between 12 and 18. 
Qiat details efg tnMabli wi n db ag with atout 8 egualiesr ring*. 
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Solution. Assume number of equalizer rings m—8. 

Number of tappings—rtrp/2—8 X 8/2—32. 

Therefore the number of coils should be a multiple of 32 in order to have symmetrical 
equalizer connection >. Also the number of slots and coil sides per slot, must .be so chosen 
tli it ili< lumber of coils is a multiple of 32. 

(i) T.«kini» 16 slots per pole and 4 coil sides per slot. 

Total number of slots—16x8= 128. 

Total number of coils—§ u5—}X4X 128—256. 

This is a multiple of 32 (number of taps) and therefore symmetrical equalizer connec- 
• ; ons are possible. 

Assuming number of conductors per parallel path to be 98, total number of conductors 
Z-8X 98-784. 

Using single turn coils. 

Number of conductors—2' 256—512. 

This number is not within 5 per cent of 784. Therefore it is not possible to use single 
turn coils. 

Using 2 turn coils. 

Number of conductors—2 X 2 X 256—1024. 

This is also not possible as 1024 is not within 5 per cent of 784. 

Therefore it is not possible to use 2 turn coils. 

Thus it is not possible to wind the machine with 16 slots per pole and 4 coil sides per 


(ii) Taking 16 slots per pole anil 6 coil sides per slot. 

Total number of slots 8 X16 = 128. 

Total numbei of coils 0=|x6x 128—384. 

This is a multiple 'f 32 and so symmetrical equalizer cornu it ie ns are possible. 
Using •‘>nqk turns coils. 
pot i inirnbet of conduit'«rs —2 '384=^708. 

Phi'S is <vitiun f> p< i rein of 784 anil thus it is possible to wind this machine with : 
4,^*- 128, coils « 384 aiui coil sides per slot—6. 

Wiadlag derail* are : 

2U . „ 2 x 384 Q , OK 

ys— 4-it 9 * —**97, 95, 

Palo* V' ~~ - *'■ with thi* we do not g« * split coils. p/— 97—2—95. 

< 2 v 384 384 

n’Ml ni*eh Yn*~ —“g—96 coils and phase piVh Kph— —12 coils. 

Detail t ii-i.iliy> r conne— .ions arc : _ ] __ _ 

fii'i 'Ve I it 

, i / u III n V VI VIi 



III 

IV 

V j 

’**** 

VI 

25 

37 

49 

61 

! 121 

133 

143 

157 

| 217 

229 

241 

253 

313 

• 

323 

337 

349 




20 * 

301 


7? 

169 
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Example 6*21. Find the possible windings for a 4 pole, 2 eirmit armature. It is possi¬ 
ble to puifih any number of slots between 39 and 46. Commutators with segments between 122 
and 139 are available. 

Solution. The winding to be used is a simplex wave winding. 

The problem is solved by elimination of the unwanted winding arrangements. 

1st Step, (t) Assuming 2 coil sides per slot. 

Number cf coils—number of segments. Therefore number of segments is between ; 
i X 2 x 39-39 and * X 2 x 45-45. 

(ii) With 4 coil sides per slot, number of segments i:; between : 
i X 4 X 39-78 and i X 4 X 45-90. 

(Hi) With 6 coil sides per slot, number of segments is between • 

|X6X39—107 and ix6 x 45—135. 

(iv) With 8 coil sides per slot, number of segments is between : 
ix8x39—156 and i X8 X 45—180. 

Therefore the number of segments given by 6 coil sides per slot are within the range 
of commutators given. Hence 6 coil sides per slot are used. 

2ud Step. With 6 coil sides per slot, 

3'.! slots give JX6X39—117 segments, 40 slots give |X6X40=120 segments, 

41 slots give Jx6X41=»123 segments, 42 slots g>vc $X6X42=*126 segments, 

43 slots give |X6X43 —129 segments, 44 slots give |x6x44—132 segments, 

45 slots give $X6X45—135 segments. 

Now number of segments given are to be between 122 and 130. Therefore, slots 39, 
40, 44 and 45 are elimintted. The remaining slots are 41, 42 and 43. 

3rd Step, (i) With slots 5—41 we have, coils (7—123. 

^ . . ... _2(7±2 _2X123±2 M . 

Commutator pitch y« —-—- j -—62, 61 (integers). 

Therefore, 2 circuit winding is possible with slots 5—41 and segments, (7—123. 

(it) With slots 5—49, we have, coils (7—126. 

2X 12G±2 

Commutator pitch y*"--- is not an integer. 

Thus winding is not poisible with 5—42 and (7—126. 

(tit) With slots 5—43 we have, coils (7—129. 

Commutator pitch y« — —65, 64 (integers). 

Therefore winding is poisible with slots 5—43 and segments (7—129. 

Now the two possible arrangements are : 

(i) slots—41 and segments—123. (ii) slots—43 and segments—129. 

A C. ARMATURE WINDINGS 

6*17. Introduction. This book deals primarily with design of 3 phase induction and 
synchronous machines and as such three phase windings are extensively dealt with. The 
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emphaais is mainly on three phase windings though a brief reference to features of a general 
phase'm' winding are also given at places. Windings for single phase machines are dealt 
with in chapter on single phase induction motors. 

617-1. Number of Phaaea amd Flaw S p r ea d . An a.c. winding, meant to be 

used for a W phase system, should produce ends of eoual magnitude in all the phases. 
These emfs should have identical wave fonns and equal frequency. Their displacement 
in time should be y a= 2«/«* electrical radians. This is obtained by baring similar pole phase 
groups (a pole phase group is defined as a group of coils of a phase wider one pole) and 
arranging the groups to have an effective displacement of Y a *2«/in electrical radians in space. 

Consider the case of a 12 slot armature having 2 poles and wound for three phases as 
shown in Fig. 6'30 (a). If the flux density wave shape ia considioad sinusoidal, the emfs 
of the conductors in the slots can be represented as phaaMM displaced from each other by 
an (electrical) angle, radian"* 10* asshown h» ffg. f$0 (a). 




Fig. 6*90. Emgi of 3 phase winding with 120* phase spread. 

f f the winding is divided into three groups (one for each phase) spread oyer two pole 
pitches, the electrical displacement in space between the groups is 2n/3 electrical radian or 
120° electrical. 

Each phase is located in four consecutive slots aad so the phase -spread is 4X30°«*120 B 
electrical. If the conductors ini he slots are connected as pdr the phaaor diagram 6‘30 (6), the 
summation of conductors emfs would give three emu displaced 120* in time following a 
phase sequence of RYB in time. The space sequence is also RYB. 

Let the winding be split up into six 60° phase groups spread oyer two pole pitches as 
shown in Fig. 6'3l (a). 

Conductors of phase R are placed in slots, 1, 2 and 7, 8. Conductors of phgjte Y are 
placed in slots 3, 8 and II, 12. Conductors of phase B are placed in slots 3, 4 and 9, 10. 
Conductors in slots 7,8 are return conductors for conductors in slots 1,2. Conductors in 
, slots 11,12 are return conductors for conductors in slots 8,6. Conductors in. slots 3, 4 art 
return conductors for conductori in slots 9,10. . 
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Pig. 6-31. or three phase winding with 60* phase spread. 

If the conductors are connected as represented by the phaior diagram 6 31 (6), we 
would still get three equal emfs 1 displaced by 120 in time following a phase sequence RYB. 
The space sequence being B B' Y B' B F\ Thus it is clear that with six 60* phase groups 
(three 60° groups per pole) spread over two pole pitches, it is possible to obtain three equal 
emfs displaced 120° in time. Generalizing for an m phase winding, it is possible to have m 
equal emfs displaced by 2*/m radian in time by having m phase groups per pole with a spread 
of n/m radian. The arrangement with a phase spread as o*»n/m is normally used instead of 
o«=2w/m as the latter is not adaptable for single layer windings. 

6*18. Concentric Winding. Concentric windings are single layer windings which 
use concentic type of coils as described earlier. The coil span of the individual coils is 
different. The coil span of some coils is more than a pole pitch while the span of 
others is equal to or less than the pole pitch. These windings are so designed that the 
effective coil span of the winding is equal to that of a winding as a full pitch winding with 
some of the coils having a span greater than a pole pitch, some with less than a polo pitch 
but an effective span which makes the winding behave as if it had full pitched coils. They are 
of two types; 

(•) hemitropic or half coil windings ( (ft) whole coil windings. These windings are 
described below. 

618-1. Henritswplc windings. These windings are also known as wdkifbrcated triad, 
lags. In these windings the coils comprising a pair of pole phase groups under adjacent pole* 
are concentric. These colls under two adjacent poles from one coil group and thus there is one 
coil group per pair of polef. CWl group and pole phase group are two different terms and 
these are distinguished as shown in Fig. 6 32 which shows a hemitropic winding. 

There are 2 slots per pole phase m 6 plots per pole in hemitropic winding shown in 
Fig* 6*32 (a). The cot! spans of the two coils forming a coil group are different. One has 
a coil span of 7 dots and the other 5 dots. With average or effective coil span being 5 slots 
(equal to dots per pole) and therefore die winding behaves as a full pitch winding. 
Similarly, in the nemitropic winding shown in Fig. 6*32 \b), the 3 coils in a coil group have 
an average (effective) coil span of 9 dots (which is equal to solts per pole). 




(b) 

Fig. 6-32. Hemitropic Winding. 


It is clear that the overhang of a single layer concentric winding will have to be 
accommodated in more than one plane. Fig. 6*33 shows ft Hemitropic winding having j 
slots per pole p< i j >‘ia<r with a 2 plane overhang. The stare winding may have a 3 plane 
overhang as .diown ii; i'ig 6‘34. 


Number ui e. il groups “pole pairs X number of phases**3jp/2. 

O.nsidrring a 3 phase winding with overbarg arranged in two planes. In all cases 
wh'*n the number of pairs of poles is even, the number of coil groups is also even 
and therefore the oveih.mg of half the coil groups lies in one plane while that of the other 
half ties m the second plane. But when the number of pole pain is odd, the coil groups are 
also odd resulting in a cranked <’o l group whose ends partly lie in one plane and partly in 
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Fig. 6 * 33 . Hemitropic winding with 2 plane oveihanu. 
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Pig. 6-34. Hemttropic winding with 3 plane overhang. 
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the other (Fig 6*37). As the number of coil groups is a multiple of three in 
machine and therefore there is no question of a cranked coil group wbi*r. a 
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6182. WWe coU windings, Them are also known aa MAtfcstal wkubfi. 

In these windings, each pole phase group is split up into two seta of concentric coils, each 
set sharing its return coil sides with those of another polephase group in the same phase. 
Thus we have one coil group per pole per phase. The sapW of coil groups is 3p and 
therefore the end connections in a 3*pha*e whole coil winding can be arranged tom in either 
2 or 3 planes. There are no cranked coil groups. 



Fi*. 6*35. Whole coil coaosntrlc winding. 


Example 6*22. Draw the Winding diagrams of a 3-phase, 86 slot, 6 pole, o.c. armature 
for ike following single layer concentric types of windings : 

(i) Hemitropic—2 plane overhang, (si) Hemitropio—i plans ossrhsmg 
(iii) Whole coil—3 plane overhang. 

36 

Solution. Slots per pole per pbase=^g" t 2. 

Slots per pole «*36/6—6. An gle between consecutive slots a# w 180/6■» 30°. 

Phase spread o«60* is used with single layer windings and so there are 3 pole phase 
group?tone for each phase) under one pole. The allotment of slots to the three phases for 
a pole pair is given in Fig. 6 36 (a) and this allotment repeats itself for other pole pairs. 
Tn6 ipac8 K^ucnce is kept as in order to get the phase se^tienie as Mi'M P 

Fig. 6*36 (6) shows the slot emf star. 

HesnJtroplc. Starting phase S with the coil side in slot 1, the start of phsse Y will 
be 120730* —4 slots away i.e. in slot (1+4)=5 and the start of phase B will be in slot (5+4) 

- 9 . 

The winding should be so connected that alternately we have North and South poels. 
Starting with coil side 1 in slot 1, it belongs to phase Jf. This should be connected to the 
last coil side of phase E under the next pole t.i., 8 in this case. Coil aide 2 should be con* 
nected to last but one coil side of the same phase under the n ex t pole i.s. 7 in this case. 

Now the two coils framed by coil sides 1, 8 and 2,7 belong to tha s a m a pha s e and are 
concentric with each other. They form a coil group (while coil 'sides 1,2 and 7,1 form two 
separate pole phase groups). Now the coils formed by coil sides 1,8 and 2, 7 are in. the 
same coil group and they have to be connected. The ids for connecting together the coils 
in a coils group is that the end wire of one coil must be connected to the beginning of next 
coil in the group and so on. This is done in order that the cmfs of the colls ;» a cdl group, 
add. 

The winding has one coil group per pair of poles for each phase and thareforo there 
‘j|re in all 3 coil groups for each phase, them coil groups ait rfmiburly formed by the 
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Pig. trSf. Shaft ofphaw and eoll. troops of phase*. 

interconnection of coils in the groups. For phase B$ they are (Refer to Figs. 6*37 and 
6*38). 

Coil group Stmt FMA 

I Bit Br x 

II Bag Bo t 

III B$ n trt 

Fig. 6*36 (e) shows die resultant asnfs for three coil groups of phase B. 

M""Jfoio*emf of cod group /, «*-Jas^emf of coil group //, 
and pe—Jfai—wnf of coil group ///. 


ELECTRICAL MACHINE DESIGN 

From mis diagram it is clear that the three emfs are equal and are in phase with each 
other. The coil groups of each phase are connected together in such a way that the centre of 
every coil in a groyp has the same polarity either a North or a South. Thus if the 
first coil groun of n phase forms a North pole so too must any succeeding groups of the same 
phase at the same instant form a North pole. Hence for series connection between coil 
g-onps the finish of one coil group is connected to start of next coil group. 

Thus, Rp i is connected to Rst Rr t is connected to Rs» 

Rsi forms the start of phase R (designed as 8k). 

Rr t forms the finish of phase R (designed as Fk) 

The windings of other phases can be similarly laid and their terminals designated 

as : 

Sr, Fr ■—start and finish of phase Y, respectively. 

Ss, Fm- start and finish of phase B, respectively. 

Fig. 6 37 shows a 2 tier (plane) hemitropic winding and as the number of pairs of 
p- ; ; n >'• odd, there is a cranked coil group. Fig. 6*38 shows a 3 tier hemitropic winding. 
’.V< haw drawn the winding by connecting all the coil groups of a phase in series (or the 
rmnibti of parallel paths per phase is 1). It is clear that there are three (“pair of poles) 
similar coil groups per phase and therefore the maximum number of parallel paths can be 3 
(—pair of poles) in this case. 

Whole coil wind lag. The whole coil winding has one coil group per pole for each 
ph.is** The number of planes are normally 3 for three phase machines. In this example : 

total number of coils**36/£=*18, coils per phase*® lb/3»“6, 

number of coil of groups per phase ®*6. Coils per group*»6/6*»l. 

finis in this example, a single coil is a coil group in itself. 

Starting with coil in slot 2. The start of phase R lies in slot 2, that of Y in slot (2 4*4) 
=G and of filies in slot (6-f-4)**10. 

Fig. 6‘39 shows a complete winding diagram. This has 6 coil groups per phase and 
for phase R, they are : 


Coil Group 

Start 

Finish 

I 

Rsi 

Rr x 

II 

Rst 

Rr% 

III 

Rs§ 

Rrt 

TV 

R*t 

Rr 4 

V 

Rs$ 

Rrt 

VI 

Rag 

Rr t 


Fig. 6*36 [4) shows the emfs of the six coil groups of phase R with : 

0rt"».fi?Xi*"emf across coil group / 06"*iP*** , emf across coil group II 
Oc*=»iP*a=»e.mf across coil group III 0i»l?*4- A emf across cod group TV 
Oe*“j£*»" u cmf across coil group V 0/n»2Pa # »*emf across coil group VI. 

It is clear from Fig. 6*36 (d) that the emfs of all the coil groups are equal. But the 
emfs of the succeeding coil groups are 180® out of phase with each other. Therefore for a 
series connection the finish of first coil group of a phase is connected to the finish of 2nd coil 
group of the same phase. The start of second coil group is connected to the start of the 
third coil group and so on. 

Jtsi is the start of phase R (designated as Sm) Rr t is connected to Rft 

Rgg is connected to Rs$ Rr$ is connected to i?#« 

Rg 4 is connected to Rs& Rr 6 is connected to Rr t 
Rs t is the finish of phase R (designated as Fk)- 

The winding for the other two phases can be similarly drawn. Their terminals are 
designated as 

Sr, Fr—start and finish of phase Y respectively. 

Sa, Fm— start and finish of phase B respectively. 



SLOTS 12 7 6 T3 14 13 £0 
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The winding has been draw n connecting al! the toil groups of a ph.'iso in so lies (or 
there is one parallel cimiit). 

6T8 3. Mecluidicrtl detail* of concentric type coil*. 'Ihe types of roils to be 
used depends upon the shape of the slots. Except for very small machines, (which use round 
conductors placed in tapered slots to improve the shape of tin- tooth), all machines use 
parallel sided slots. These slots may lie semi -enclosed or opt n. Hi (Ten nt types ofmtlhods 
of coil formation and placing the winding on the armature are followed for open and 
seinien-closed slots. 

Coils used with open slot* v • ds lor winding, to be placed in open slots are 
wound on formers or on flat plates and then the slot p*«ni*-ns are bent up, to suit. The 
coils are preformed and fully insulated ready to be placed into position in slots 

The end connections of one tier (plum ) must he lx nt in order to allow the second 
tier of windings to be placid in ‘lots, fig 6‘40 (»il show', bent toil '»» be used with 
i emitropic winding The cod*- b. the wni.ei pl.ne rnav be stiai' hi or nta\ be bent, 
i tg. 6'40 (6) shows a straight C; d 

Colls with semi- enclosed slot*. Fi lmed ««’F. ■ 1 . N infnduced lit m the top of 

the slots if open slots are used. But coils cunm t be placed ;< n> tl.** tc p <>l a si mi-c nclosttl 
slot, the coils must be pushed through the Mots. Tl i tefi.rc , tin- (oil , f« i *.cmi < nclosed slots 
must Im* made with one end open, i.e. one end h lulK lo. n>d to size and shape and the 
other end is formed after the coil is placed in the slots J in. uj.n of coil, called a h ui pm 
push through coil, is shown in Fig. 6'41. It is clear that onh one 'ml. the formed end, c.,111 
be fully insulated before insertion into slots. The other * nd is bent and lmtt w. Med min 
by turn after insertion. Hair pin coils arc usually not preferred as jointing i.-. lx.tl. did . n 
and expensive. 



(a) Bent coil. (b) Straight coil. 

Pig. 6 40. Coils for concentric windings placed in open slots. Fig. 6-41. Hair 

pin coil 

6.19. Mush win dings. This winding is v.*y conunoph iim (1 (or small indue 
motors having circular conductors. ’1 his is a single* layer winding when all ill** rod, haw 
same span (unlike the concentric winding when coils have cTIITf rent spans). F.u h coil'Is 
wound on a former, making one coil side shorter that the oth* r 1 he wii cbt g is pm on the 
core by dropping the conductors, one by one into pre vimislv insi.i.m d slot:. J he short coil 
sides are placed first and then the long coil sides. The long .md she n coil side < occupy 
alternate slots. It will also be observed that the ends <>1 coil situated in adjacent slots 
cross each other i e. proceed to left and right alternately. 1 his is wh) som<*times it is known 
as a basket winding. 

The following should be kept in view while designing a mush winding, that 

(*) the coils have a constant span, 

(is) there is only one coil side pei slot and therefore the numbe r of coils is equ.„ a/ 
number of slots, 

(•»») there is only one coil group per phase per pole pan ml tie refore, the maximum 
number of parallel paths per phase is equal to p i'* f iir 
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(tv) the coil span should be odd. Thus for a 4 pole 36 slot machine, coil span should 
be 36/4*9 slots while for a 4 pole, 24 slot machine, the coil span should not be 
24/4*6 (i.e. even); it should be either 5 or 7 slots. This is because a coil consists 
of a long and a short coil side. The long and short coil sides are placed in alternate 
slots and hence one coil side will be in a even numbered slot and the other in a 
odd number slot giving a coil span which is a even integer. 

Ksaaaple 6*23. Draw a winding diagram for a 4 pole, 36 slot* 8 photo math torn*eettd 
armature. 


In setting out such a winding the slots are 
the long and short octt sides are alternately drawn. 

3b 


numbered from 1 to 36 and 


phase*g-^j*3. Thus a phase group has 3 slots. 


the three 


m pamm 


spread of e*60 # and a phase sequence RYB, the slots allotied to 


Mt 

r. 2,3 

10. 11, 12 

19, 20, 21 

28, 29, 30 

Ms 

0,6 

13, 14, 15 

22, 23, 24 

31, 32, 33 

t i 

0.9 

16, 17, 18 

25, 26. 27 

34. 35. 36. 


For few pete tile ooftents must flow in the conductors of phase R as shown in Fig. 6‘42 
(this is saearitttMr? direction at any instant). 


Thus in dots l f 2,'3, the direction of current is marked as t : in slots 10,11, 12 as 
4 ; in slots 19, 20, 2L as f and in slots 28, 29, 30 as 4 

We have coll span—36/4*9 slots (odd integer.) 


Starting phase K in slot 1, coil side 1 is connected to coil aide (14-9)* 10. In mush 
winding we move to right and left alternately. We have moved to the right for connecting 
coil aide 1, for connection of next coil side i.e. 2, we must move to the left. This coil aide 2 
is connected to coil side (24-36—9) *29. The whole winding for phase R can be completed 
in a similar manner. The coil groups are connected in such a manner that their emfs add. 

Angle between slots a* *4 X 180/36*20* 

Thus the start of phase F lies 120/20*6 slots away from that of phase R i.e., in slot 7 
and that of phase B ties in slot 13. The windings of these phases can also be similarly 
completed. 

Example 6*24. Draw a winding diagram for a {pole, 84 tint, Sphate mmh o m mmtti 
or m oto r e. 


24 


Slots per pole per phase*g-^*2 


l . 

Coil span*24/4*6 slots. This is an even number andhence winding is not possible 
with a coil span of 6 slots. A coil span of 5 slots is used. 

The slots allotted to various pha ses are : 


B 

1.2 

7.8 

13.14 

19,20 

B 

3,4 

.9,10 

15, ie 

21,22 

Y 

5, C 

11, 12 

17, 18 

23,24. 


n* 6’43 shows the winding diagram for phase B only. The winding for other two 
phases may be similarly com pl e ted. 
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PI*. *'43. 3 phase, 24 slot, 4 pok single layer mash windiag. 


2?U 


ELECTRICAL MACHINE DLS1CS 


6'20. Double layer windings, Double layer windings ar.* universally used for 
amiiituiVN ol synchronous generators and motors and must induction motors of large and 
medium sizes, i hey can bo tnher lap or wave type. Lap windings have their widest field 
of application in the stators of high speed machines. Wave windings are used for wound 
rotors of medium ami large size induction motors. 

Double layer windings may be classified into two categories depending upon the* 
method used to bring about the transition from the top layer to bottom layer. These are : 

(i) lap type, and (t») wave type. 

These windings are the same as used in d.c. machines and give two different shapes to 
the end connections. The coils used in double layer windings arc diamond shaped as 
in d.c. machines. 

The number of coil sides per slot in double layer windings of a.c. machines is inv ri- 
ably 2. Therefore, number of coils is equal to number of slots or 0=$. 

The windings used for a.c. machines u a.Jly chorded. The advantages of a chorded 
(short pitch or fractional pitch) winding art* : 

(t) the amount of copper uied in the i hang is reduced, and 

(it) the magnitude of certain harmonics in the «mf aui also mmf is reduced. 

Double layer windings can be either (i) integral slot, or (t») fractional slot. 
When the number of sluts per pole phase q=*8/mp is an integer, it is known as an integral 
blot winding, fur ex unpie, consider a stator having 24 slots and wound for 4 polei 
‘'mi 3 pint as. 'ILuuumUr of slots pole per pha e g=*24/(4 x3)-2, which is an integer. 
1 he win..ing is thus an integral slot winding. 

When the number of slots per pale and also the number of slots per pole per phase 
are not integers, like winding is known as fractional slit winding. The value of q is 
usually .ui improper traction such as 8/5, 25/7 etc. Consider a stator having 78 slots to be 
Wound lor 5-phases and 8 poles, 78/(8 X 3) *»t3/4=3$. Thus q is not an integer and 
therefore it is a fractional slot winding. 

6 21. Integral slot lap winding. The integral slot lap winding is explained with 
the help of following example. 

Example 6 25. Give the layout of a lap winding far the ikUor of a 3 phaee ao machine 
having 4 poles and 24 slote. There are 2 coil »ide$/elot . 

Eolation. Slots per pole phase gw 24/3 X 42 

A phase spread ot o«*60° is used 

Number of pole phase groups/p ale—3 (and total number of pole phase groups 
-4X3-12) 

Thus there are 3 phase groups per pole each comprising of g*"2 slots. The distribu¬ 
tion of slots, for phase sequence RYB, is : 


R 

1.2 

7,8 

13, 14 

19,20 

B 

3.4 

9. ID 

15, 16 

21,22 

Y 

5.6 

il. 12 

17, 18 

23,24 


For full pitch coils, coil span G',*»24/4*»6 slots. This means that the top coil side in slot 
1 is to be connected to bottom coil side in slot (6+ 1)»7 or §r»"» 13 and y/"»l 1 in terms of coil 
sides. 


Considering the coils at the end opposite to the connections, coil side 1 (top) is 
connected to coil side (1 +• 13)»14 (bottom). Coil side 1 and 14 from a coil; this coil may 
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be single turn or a multi turn coil. Coil side 14 is connect'd 10 toil Mde(14— (top) at 

the front end. This connector C connects the last turn *•!'the first coil of a pole phase group to 
the first turn of second coil of the same group. 


Coil side 3 is connected to coil side (3-f U) = 1C (bottom) at the bark. Coil sides 3 

and 16 form the second and the last coil of this pole phase group. (If there were more coils 
per phase group, they would have been also connected in series). 


Each phase has f i r (p*=4) pole phase groups each containing q--2 coils. For 
phase R, the groups are 


Group No. Start Finish 

I Rsi Rfi 

II Rst Rfi 

III Rst Rfs 

IV Rs t Rr t 


These phase groups can either be connected in series or in parallel depending upon the 
requirements. 

The starts oi the phases must be displaced by 120° and so must the finishes. The angle 
between adjicent slots is a, -=4 X 1B0/24=3U°. 


So if the start of phase R lies in slot 1, the stmt of pliaje )' must be in slot 
(1 + 120/30)— 5 and that of phase B in slot No (5+120/30)®= 9. "1 hi>. makes the phase 
sequence RYB. The starts of phases R, Y and B aie ripn set u d b\ A’j?, Sy, So respectively. 

Fig. 6'45 represents the emfs induced in various coil sides, tj, < ■>, r*.etc. denote 

the emfs induced in coil sides 1, 2, 3 .etc It is clear that in tin- cam ol lull pitch coils, 

the emfs of two coil sides forming a coil add algebraically. 


Now coil 1 comprises of coil sides 1 and 14 audit mo! 1 *• pu enicd bv/.'j which 
is the algebraic sum of and c% t and the cmf of coil 2 c>>n.n, e-n:, t i coil sales .5 a mi ifi, <s 
represented b) U* which is the algebraic sum of e* e»<J 0 displaced by 30 w th 

respect to E\ 



Fig. 6-45. Emfs of coils and pole phase groups of winding of Example 6 25. 






The emf between Rst and Bn (I phaae group) is the nhasor summation of E t and JV a 
and is represented by Em x . Similarly* the emf between JEft and Art (II phase group) is 
represented by Ex t . * 

JPti—emf between Ra t and Br x 

£xi«emf between Rs» and RPt 

between Sg§ and Rpg 

Ejtg—emf between Bi t and Br x . 

The emfs of all the phase groups are equal but the eats of alternate phase groups are 
180° out of phase with each other. (See Pig. G’45). Therefore for series connection, finish of 
phase group I is connected to finish of phase group II of the same phase. Now in order 
that the emfs add, the start of phase group II is connected to start of phase group HI 
and the finish of phase group III is connected to finish of phase group IV. 

Thus, B$i forms the start of phase B and is designated as 8m. 

Rr x is connected to Rr% 

~ fill is connected to fill 

Br% is connected to Br x 

Bs t forms the finish of phise fi and is designated as Fm. 

It is noticed from the a&ove example that the individual coils forming a pole t yue 
group have to be connected in series while the Various pole phaae groups of a phase can 
either be connected in series or in parallel. As there are as many similar pole phase groups 
per phase as the number of poles the maximum number of parallel paths is equal to number 
cf poles (4 in this case). 

The winding arrangement can also be shown by a simple diagram called clock 
dfngram. In the clock diagram, the arrangement of top and bottom coil sides is shown. 
The dot no. and the phases which occupy the top aad bottom layers are indicated. Fig. 
fi‘46 shows the clock diagram of the winding described above, (it should be kept in mind 
that since then are 4 poles 1* mecha n ica l —3r electrical). 

We have considered the-case of full pitch coils in the above example. Let us now 
take up the same winding but with short pitch (chorded) coils. Suppose that the coils are 
chorded by one slot pitch ».«. coil span—dots per pole — 1 or <7»—•— 1— S slots. 

ibis means that if the top coil side of a coal lie* in slot 1* *b® bottom coil side would 
lie in slot (1+5)—6. Thus grs— 11 and p/—9. 

The procedure for drawing this winding is the same as described earlier but initially 
we can assign dots to top coil sides only aad the bottom coil sides go on occupying dots as 
the winding progresses. (In this winding, unlike the full pitch winding, the top awl bottom 
coil sides in a slot may not belong to the same phase). Fig. fi’47 shows a double layer 
winding with chorded coils. I 

In fact, a clock diagram is very helpful In the layout of a winding with short pitch 
eaila.The phases to which the top coil skies belong are first Indicated. Now, this winding uses 
a coil pan of 5 dots, therefore the top coil si ie in slot 1 belonging to phase B is connected 
to bottom coil side of slot fi. Thus B is written in the bottom coil side space of slot 
•• Dm rest of die bottom paces can now be allocated by proceeding serial wise. 
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6'22. Integral slot wave windings. Wc have observed that special connectors are 
needed to connect individual coils and pole phase groups in series in the case oflap wind¬ 
ings. The number of these connectors is very large especially in the case of multipolar 
(low speed) machines. This results in large additional expend lure of copper especially hi 
the case of machines using heavy cross-section conductors. , In such case* wave 
windings are used particularly when single turn coils or two coil sides per slot are adequate 
for the required voltage. With wave windings there is a great saving in end connection* 
and jointing, as the coil groups are interconnected naturally due to the outward spread bf 
coil ends. 


The'coil used in wave connected a.c. machine windings are identical with those em¬ 
ployed in d.c. windings. The coil ends, in the case of d.c. machines are connected to the 
commutator while those in a.c. machines are joined together to form phases. 


In a wave connected d.c. machine, the total winding 


pitch to 7- 


40±4 

P 


when 7 


is an even integer. However, if this relationship is used in a 3 phase a.c. machine the 
winding pitch, 

r _, 4g±4 _ 4x3pq±A _ l2pg±4 
" P " P “ P 

Therefore, Y cannot be an even integer except in the case ofp»2 (for which lap and wave 
windings are identical). Hence value of winding pitch used for 3 phase a.c. machines is 
7*1 1q. 

In an ordinary d.c. wave winding, one has coils of constant span and one proceed* 
with constant pitch of coil around the machine until one automatically comes to the next 
coil side from which one started and so on till the winding closes. But in a.c. wave 
windings, with integral number of slots per pole per phase, and 12?, the winding would 
close after completing one trip around the armature. Thus with a.c. windings one proceeds 
with a normal step round the machine, but to prevent closing of the winding after one 
tour, one has to take an abnormal step. After having completed half the winding, it if 
necessary to reverse the direction of travel around the machine. 

The following example illustrates-the procedure to lay a waye winding. 
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Example 6 26, Give the layout of an a.c. wave winding for the. rotor of a 3-phase, 
4 pole induction motor having 24 slots. Each slot contains 2 coil sides. 

Solution. 

Slots/pole*-24/4=6. Slots per pole per phase gr=24/3 X 4=2. 

Total number of coils=2 X 24/2=24. Total number of coil sides=2 X 2 =48. 

Total winding pitch Y = 12g= 12 X 2=24 
Back pitch y&»= 13 and front pitch y/=l 1 

This means that coil side 1 in slot 1 will be connected at the back to coil side 14 in 

slot 7. 

Coil span=7 —1=6 slots and so full pitch coils are used. With full pitch coils, 
the slots can be assigned to both top and bottom coil sides at the very start. The distribution 
of slots to the 3 phases is : 


Phase R 

1,2 

7. 8 

13, 14 

19, 20 

Pin r. B 

3,4 

9, 10 

15, 16 

21, 22 

Phase Y 

5,6 

11, 12 

17, 18 

23, 24 


All the coil sides are drawn and numbered as shown in Fig. 6'49. 

Phase R starts with top coil side of slot 1 i.e., coil side 1. 

Proceeding clockwise. 1. Top coil side 1 in slot 1 is connected at the back side 
to bottom coil side (1 + 13)= 14 in slot 7. 

2. Bottom coil side 14 in slot 7 is connected at the front side to top coil side (14 + 11) 
=25 in slot 13. 

3. Top coil side 25 in slot 1.3 is connected at the back side to bottom coil side 
(25+13)=38 in slot 19. 

Bottom coil side 38 in slot 19 is connected at the front side to top coil side 
(38+11—48) = 1 in slot 1. If we make this connection the winding closes and so coil side 
38 is connected to coil side 3 in slot 2 instead of coil side 1 in slot 1. This is an abnormal 
step where y/^*13. 

4. Bottom coil side 38 in slot 19 is connected at the front side to coil side 3 in slot 2. 

5. Top coil side 4 in slot 2 is connected at the back side to bottom coil side 
(3+13)=16 in slot 8. 

6. Bottom coil side 16 in slot 8 is connected at the front side to top coil side 
(16+11)«27 in slot 14. 

7. Top coil side 27 in slot 14 is connected at the backside to bottom coil side 
(27+13)=40 in slot 20. 

Bottom coil side 40 in slot 20 is connected at the fron* side to top coil side 
(40+11 —48)=3 coil side in slot 2. 

If we make this connection the winding would close. Also we cannot connect coil 
iide 40 to coil side 5 as they belong to different phases. Therefore, coil side 40 is connected 
to coil side 4. This is another abnormal step. 

8. Bottom coil side 40 in slot 20 is connected at the front side to bottom coil side 4 
in slot 2. 

Half of the winding of phase R is complete and therefore we must proceed anti¬ 
clockwise. 

Proceeding anticlockwise. 9. Bottom coil- side 4 in slot 2 is connected at the 
back side to top coil side (4+48—13)—39 in slot 20. 

10. Top coil side 39 in slot 20 ii connected at the front side to bottom coil side 
(39-11)—28 in slot 14. 
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11. Bottom coil side 28 in slot 14 is connected at fhe back side to top coil side 
28— 13)—15 in slot 8. 

Top coil side 15 in slot 8 is connected at the front side to bottom coil side (15— 11) 
*4 in slot 2. But coil side 4 is already connected up and so we connect coil side 15 to coil 
ide 2. This is an abnormal step. 

12. T( n coil side 15 in slot 8 is connected at the front side to bottom coil side 2 in 

lot 1. 

13. Bottom coil side 2 in slot 1 is connected at the backside to top coil side 
2+48—13)—<7 in slot 19. 

14. Top coil side 37 in slot 19 is connected at the front side to bottom coil side 
37— 11 )*==2t> in slot 13. 

15. Bottom coil side 26 in slot 13 is connected at the back side to top coil side 
26-13)-13 in slot 7 

The winding fur phase R ends here as all the coil sides belonging to this phase have 
>cen connected. 7'he winding for other two phases can be similarly drawn. It should be 
toted that in the case of rotor windings of induction motors (which are usually star connected), 
he three leads are brought out from parts of the winding which are displaced as nearly as 
jossible 120 mechanical degrees apart, as well as being exactly 120 electrical degrees apart, 
rhus the start of phase Y is not in the same pole pair as the start of phase if, and also the 
tart of phase B is not in the same pole pair as the start of T. 

6'23. Fractional slot windings. The fractional slot windings where slots/pole/ 
>hase q, is not an integer, has many advantages. These advantages are : 

1 In low speed a.c. machines the number ol poles is large and so the number of 
dots per pole phase may become two or less. If a small integral number of slots per pole 
per phase (jr—1, 2 or 3) arc .used, it would give rise to appreciate tooth harmonics in the 
emf induced. The large value of harmonic content in integral slot windings is due to the 
fact that the corresponding winding elements of each phase, under different poles, occupy 
si mi lar positions with respect to pole to pole axis ; and so the harmonic emf> add algebrai¬ 
cally. But if a winding is wound with a fraciional number of slots per pole per phase, 
the corresponding winding elements of a phase under different poles, may occupy dissimilar 
positions with respect to pole axis. The displacement of these winding elements with 
respect to magnetic field is so selected that the higher harmonics are decreased without 
significantly affecting the fundamental. The use of fractional slot windings results in 
m effective distribution which is equivalent to infinite distribution even when the slots 
per pole per phase is small. This is explained by the fact that a winding with 9—2$—9/4 
behaves as if it has 9 slots per pole per phase resuming in infinite distribution. The infinite 
distribution, though not physical, results in considerable decrease of harmonic emfs. 

2. Machine manufacturers generally have stocks of lamination notching gear with 
iivhich stampings are made for a great variety of cores. Thus a particular number of slots, 
for which die and punch are available may be used for a range of machines running at 
different speeds as in synchronous machines, with consequent saving in cost of drawings and 
equipment. 

3. The use of fractional slot windings results in reduction of mmf harmonics. 

4. The leakage reactance of windings is reduced. 

5. With fractional slot windings, chording is a must and, therefore, the cost of copper 
is reduced owing to shorter end connections. 

In the integral slot windings every pole phase group has the same number of series 
connected coils. But in fractional slot windings all the pole phase groups do not have the 
tam » number of series connected coils as q is always a mixed number. Since fractional 
coils are impossible the only altern itive left is not to make all the pole phase.groups identi¬ 
cal •.«, practical winding is only possible when one (or more) pole phase groups has one coil 
fewer than the other (or others). 

When, however, it is found necessary to use a lamination that does not give an integ* 
ra l slot winding its number of slots must make it possible for all phases to have same number 
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of coils. This means that if a lamination is to be used for a 3 phase machine, the total. 
number of slots should be divisible by 3 in order that each phase has the same number of 
coils. 

Fractional slot windings tend to create non-uniform flux density distributions in the 
air gap, but the machine operation would be satisfactory if the phase groups are arranged 
around the stator core with a certain degree of uniformity. 

Consider a 3-phase, 10 pole armature with 96 slots. The average number of slots per 
pole per phase is 

96 16 J_ 

9 3X10" 5 S 5 ' 


As each pole phase groups must have an integral number of coils, q- 


3 can 
5 


io „ 1 
' 5 

only be obtained if the 5 (denominator of q) phase groups under 5 poles have different 
number of coils totalling upto 16 coils (numerator of q). Now 16 coils for each phase lying 
under 5 poles can be obtained if we have, 

4 pole phase group of 3 coils each and 1 pole phase group of 4 coils. 

. , 4x3+1 X4 „ 1 

This gives the average value of q— ---=3 — 


Five poles make one basic unit of this winding. As this winding has 10 poles, there are two 
units of 5 poles, each covering 16 slots of each phase. The (4+l)=5 pole phase groups 
of each phase in a unit must be connected in series and as there are 10/5*2 such units, the 
maximum number of parallel paths is equal to 2 i.e. number of units. 

Consideting q in the form 16/5, where numerator and denominator have no common 
factor, we have. 


(*) number of poles in a unit*5 (denominator of q), 

(**) number’of slots per phase in each unit* 16 (numerator of q), 

..... , - total number of poles p 

(*»*) number of units*-- :——:—— --« —- f- - 7 — 

poles/umt denominator of q 

Considering the form ?=>3-jr-, we observe that there are : 


(») 5—1*4 groups of 3 coils each and (si) 1 group of 3+1 *=4 coils each. 
The results of the above example can be expressed in general form . 

S _ M 
q **mXp " d " 
where M and d have no common divisor. 


" I+ T 


...(631) 


Thus, for a fractional slot winding : 

(*) number of poles in a unit*d 
(*») number of slots per phase in each unit*Jf* 5 d 

(»*») number of total slots in each unit*mlf 

(tv) number of units==p/d. (This is also the maximum number of parallel paths). 

(v) Each phase, in a unit, contains : 

((£—») groups of 1 coils each and » groups of (I+l) coils each. 

6 23'1. Layout of fractional slot w ind i n gs. It is clear from above that in 
fractional slot windings, there are two types of pole phase groups consisting of different 
number of slots. In order to lay out the winding, the distribution of slots around the 
armature has to be worked out. This distribution of slots to various phases should be uni¬ 
form in order that the machines give good performance. 

The investigation of a fractional slot winding is carried out proceeding from a slot 
emf star. 

Consider a 2 pole, 12 slot, 3-phase double layer winding. The two layers in the wind¬ 
ing are entirely symmetrical. 

Electrical angle between adjacent slots su*l80 X2/12*30°. 



AKMATtJRB WINDIDOS 


2 11 


This is also the displacement between emfs induced in coil sides in adjacent slots. 
Fig. 6'50 is the slot emf star of this winding, the firm lines represent the emf induced in the 



Fig 6 50. Fig. 6-52. 

top coil sides. The dotted lines represent the emfs induced in the bottom coil sides. II 
full pitch coils are used, coil side 1 is conneted to coil side 14 ; the emfs of two are equal 
but are displaced through 180°. This is true of all the bottom coil sides and the correspon¬ 
ding top coil sides. If chorded coils are used, the emfs of corresponding bottom coil sides are 
shifted through an angle by which the coils are chorded. For example, if the coils are 
chorded by one slot pitch i.e. 30°, coil side 1 is connected to coil side 12. In this case the 
emfs of the two coil sides are equal but are displaced by (180°—30°!*= 150°. This means that 
the emfs of the corresponding coil sides are now shifted through 30° (the angle by which the 
coil is chorded) from the previous position. 

From above, it is clear that the emf stars of both the layers are indentical but are 
shifted with respect to each other by the angle of chording. Therefore it suffices to consider 
any layer. Let us consider the top coil sides only (top layer). Fig. 6‘fjl shows the emf star 
of top coil sides. Because we have eliminated the bottom coil sides from the discussion, it 
becomes simple* to consider slots ir stead of coil sides. Fig. 6*52 shows the phase of emfs 
induced in the coil sides of various slots, this star of emfs is known as the a!ot emf atar 
or alot atar. The numbers marked represent the number of the slots (instead of number of 
the coil sides as taken earlier). 


The distribution of slot is : 
Phase 

Pole No. 

Slot No. 

R 

1 

1, 2 


2 

7, 8 

B 

I 

3. 4 


2 

9. 10 

7 

1 

5, 6 

• 

2 

11, 12 
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The einf of phasor i (under pole 
No. 1) and 7 (under pole No. 2) are equal 
but are shifted through ! 8 U°. lhe connec¬ 
tions between phasors 1 and 7 are so made 
that their omfs add. Therefore, this shift 
of 180* can be disregarded and phasor 7 
can be taken as coincident with phasor 1 . 

The same applies to other phasors in pairs 
i.e. phasors 2 and 8 , J and 9, 4 and 10 and 
so on. 1 hus the star of a 2 pole integral 
slot winding can be represented by half of a 
circle. As poles form a basic unit of an 
integral slot winding, the whole of the winding can be represented by half of a circle. 
Fig. 6'53 shows the slot star represented by half of a circle. 


Instead of representing slot star by graphical construction, the following description 
may be used. 


Slot 

1 

2 

3 

4 

5 

6 

; 

7 

8 

9 

10 

11 

12 

Angle between ! 

slots 1 

0 

30 ! 

60 

I 

90 

1 

120 

B 

180 

210 

240 

B 

300 

1 . .. . 

330 


Ignoring the 180° phase shift. 


Slots 

I 

1 

hi 

i 3 

D 

5 I 
1 

6 ! 

■ 


1 9 j 

,0 j 

11 

12 

Angle between siots 

0 

1 30 ! 

1 60 

1 90 

l 120 

150 

0 

1 30 1 
1 1 

! 60 j 

1 90 | 

120 

150 


4 



If we examine the sequence of phasors in the given integral slot winding it is clear 
from the above table that the sequence of phasors in the slot s ar (which is ultimately the 
sequence of slots in the magnetic field) is the same as the sequence of slots in the machine 

armature. 

Considering a fractional slot winding, take the example of a 36 slot, 10 pole, 3 phase 
winding, we have, 

slots/pole/phase 5 ”[§^ 3 “ 1 "if 


Now jSf«= 6 , d—b, I— 1 , n~ 1 . 

Therefore in this winding, there are 2 basic units >>f d—b poles each. Each unit of 
d »=5 poles consists of M—S siots of each phase. 

Each phase has d—»=*4 groups of I—lcoil and n=l group of 7 + 1 =■ 2 roils each. 
Electrical angle between consecutive slots, at*=180x 10/36—50°. 

The basic unit in a fractional slot winding consists of d poles and so a slot star of d 
poles is considered. In this example, we have a slot star of d=5 p 
Total number of slots in a unit“«tJf =*3 X 6= 18. 


Thus the dot star of this winding wi 


I have 18 phasors. 


Slots 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

' 13 j 

14 1 

IS 

16 

17 

18 

Angle between slots 

0 

50 

100 


200 

1_ 

250 

E 





i 

m 

650 

C 

750 


830 
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Subtracting 180° or its multiplier : 


Slots j 

’i 2 


5 

6 

BE 

! 9 j 10 

li 

i ,2 i 



| 16 

m 

Angie between slots 

o 

to 

© 


20 



40 J 90 J 



60 | lioj 

H 

30 

80 | 130 


Putting the slots in order of position they occupy in the magnetic field, the sequence 
is (as shown by slot star Fig. 6 54). 


Slot. 


1 j 12 j 5 j 16 j 9 

2 

13 j 6 

17 

BOB 

B 


18 


11 


15 


and the angle between phasors is 

It is clear from above that unlike in 
integral slot windings, the sequence of 
phasors in the magm tic field is not the 
same as in the armature of the machine in 
the case of fractional dot windings. We 
h«ve also sc«n ihdt in fractional slot win¬ 
dings, the angle between the consci utivc 
slots is not the same as the angle between 
phasors of the slot star. 

The angle between consecutive 
phasors in a slot star is known as the mag¬ 
netic field angle and is equal to 



...(632) 


«*=180/roif 

and angle between consecutive slot a# —■ 1 80p/8= 1 80jmq 
and as q^Mjd 

«,= 180 d/mM 

From tiqn*. 6'32 and 6'33 - 

in fractional slot windings. In the case of integral slot windings «*■»«». 


...(6*33) 

•(634) 


In order to obtain high distribution factor, the phasors which lie closer should be 
assigned to a phase. Thus out of 18 phasors, the first if =6 phasors are assigned to phase 
H, middle 6 to phase B and the last 6 to phase Y (Fig. 6*54). 


The distribution of slots in a basic unit of d ~5 poles is: 


Phase B 

1 

12 

5 

16 

9 

2 

Phase B 

13 

6 

17 

10 

3 

14 

Phase Y 

7 

18 

11 

4 

15 

8 


order to find a general procedure for distribution of slots, we should examine the above 
■Its. Starting with slot 1, the sequence of slots follows the series : 

1, 1 + 11, 1+2X11—mJf, 1+SXll-mir,... 

As the total number of slots in a basic unit is ti »JT, the value of mU (or its multiple) 
has to be subtracted from the terms which become larger than fnM. 
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In general, the series is : 

1, 1+2), 1+22) 1+31), 1+42),.[1 +(m2fcf— 1) 2)—a: mAf] 

where 2)**difference betvveen two slots which correspond to two consecutive phasors 
of slot star. 

and a:—any integer. 

The electrical angle between two slots which correspond to tw) consecutive phasors 
of slot star=**+180 P 


where P=number of pole pitches between the above slot.. 
This electrical angle should also be equal to Da.,. 


2)a,=a„+ 180P 


_«m . 180 P_ 1 , mMP 1 fmi/P 
*« a, <* d d 


...(('*'35) 


as from Eqns. f»'33 and 6'34, a*= 180d/mM and «»/a*=l/d. 
P is the smallest integer which makes D an integer. - 


Using Eqn. 6*35 for the case considered. 


D— 


1+3X6P 


The smallest value of P which makes D an integer, is 3. 

Putting P— 3 we get, 2)— 11. 

Example 6'27. Give the layout of a double layer lap type winding for a 3 phase, 8 pole, 
64 §lot armature. 


gt) 4 Q 1 

Solution. We have a— - —~z —„ = — =2 - 7 - 

* nip 3 X 8 4 4 

Thus ' 3f=9, d--4, 1—2, n— 1 . 

The basic unit of this winding consists of d=4 poles. As th ;re aro 8 poles, so the 
winding has 2 uniis Each unit of 4 poles has 22=9 slots of each ph;<se or the total number 
of slots in a unit is mJtf=27. 

Each phase in a unit has : 

d—»= 3 groups of 2=2 coils each and «=1 group of 2+1=3 coils each 
„ 1 +mMP 1+3x9 XP 

Now p=— -4- 

The smallest value of P for 2) to be an integer is 1. 

Putting P— 1 we have, 2 )=---=7. 

The M =9 slots assigned to phase R are : 

1 , 1+2), 1+2 D, 1+32), 1+42)— mM, 1+52)— mM, 1+6 D—mM, 1+7 D—mM, 

1 8 15 22 - 2 9 16 23 

1 +82)— 2mM* 

3 

These slots, when arranged according to their position in the machine, are : 

1,2, 3 8,9 15, 16 22,23 

The Jf=9 slots assigned to phase B are t 

l+92)-2t»Af, 1 +102)—2t»2f, 1-+112)—1+ 122)—3wJf, l + 132)-3mAf, 
10 17 24 4 11 

l + 142>-3fxJ2. i + 152)—3mJf, l + 162)-4mif, i + 17D-4«if. 

18 25 - 12 
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These slots, when arranged according to their position in ih-■ machine are : 

4, 5 10,11,12 17,18 24,25 

The remaining 9 slots out of a total of 27 in a unit, belong to phase Y. These, when 
arranged according to their sequence in the machine, aie . 

6,7 13, 14 19,20,21 1.6,27. 

Considering the slots assigned to the 3 phases, the first pole phase group consists of 
slots 1, 2 and 3 and it belongs to phase R. The second pole phase group comprises of slots 
4 and 5 and it belongs to phase B. The third pole phase group consists of slots 6 and 7 and 
it belongs to phase Y, and so on. Thus in a unit of 4 poles, the sequence of pole phase 
groups is • 



No. of coils in a phase group 3 2 i 2 2 3 | 2 | 2 | 2 3 2 2 2 


It is evident from above that each phase has, in a unit, 1 group of 3 coils each and 3 
groups of 2 coils each. Splitting the above scquiixv in 3 parts. 


Phase 


Coils in a phase group 


j R BY k 

BY RB j 

3 2 2 2 

3 2 2 2 | 


Y RJJY 


3 2 2 2 


We find that these three parts are similar. Thus it is only necessary to know the 
coil grouping of only a third of a basic unit. 

Total number of units is pjd and the total number of phase group's for a 3 phase 
wuiuiug :<■ 3 p. 

Phase groups* pw. ;-nit —-~—3d and i of this is d. 

pld 

Thus it is only necessary to determine the sequence of d phase groups in order to know 
the sequence of all the phase groups of the winding. 

The connections and layout of phase groups is shown in Fig. 6 55. 

In order to draw the winding diagram the top coil sides of all the phases are drawn. 
The bottom coil sides are drawn after deciding the coil span. 

Coil span (7,etslots per pole=*27/4 

Taking a coil span of 6 slots. The top coil side in slot 1 is connected to bottom coil 
side in slot 1+6=7. Now the bottom coil sides can be drawn with 

C .=6 slots, and y*=13, y/—ll. 

Fig fi-Jwsl ;^ 8 the complete winding diagram of a unit. The whole layout repeats 
itself after one unit. 

laws.pie 6*28. Give the w'r^ng layout of a 30 slot, 4 pole, 3-phase wave wound rotor 

of an induction motor. * 

4 30 5 

Solution. Slots/pole/phase 

Jf=5, d=*2, /«*2, »«*1. 


Thus 
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Each unit covers 2 polos and there art* two such units. Each unit contains 5 slots of 
each phase. Each phase in a unit has : 

d—n— 1 group of I =2 coils, and n= 1 group of /-f-1 =3 coils each. 

1 + 3 X 5 X i J 


from Lqn. 0 35, 2)= 


2 


The smallest value of P to make D an integer is 1. 

The distribution of slots is : 

Phase ti 1. \+D, l+2D-mAI, 1+W-mM, l+4D-2mM. 

1,9 2 10 3 

Phase B \ + 3D-2mM, 1 +6I)-3mM, 

11 4 

1+8D— 4mM, \-\-9D—4mM. 

5 13 


D—Q with P=l. 


\ + 7D-3mM, 
12 


Putting the slots in the sequence which they occupy in the mtchinc 
Phase It 1,2.3 9,10 

Phase 7? 4,5 II, >2,13, 

Phased’ 6, 7, 11 14, 15. 

All the top coil sides are drawn. The bottom coil sides can only he draw if the coif 
span is known. 

Coil span <7,— slots per pole— 30/4 — 7 slots. 

This means that top coil side in slot 1 i> connected to hot ton. coil side in slot 1 +7—8, 
or 2/6 = 15 coil sides. Winding pitch l"-=- i 2 \ 2l — 30 y/=30— 15=15. 

Now tin- bottom coil sides can also he drawn. 1 he wiudii.g can be completed in a 
similar manner as described for integral -lot a.e wave windings in ixample 6 25. 

Fig. 6'57 shows the winding diagram lui phase R. The winding ior phases B and Y 
can be simil irly completed. 

The distribution of slots to various phases can b<: done very easily by the following 
method : 


1. Put down the fraction 


number of slots 


and reduce the numerator and the deno¬ 


number of poles 

minator to the lowest pair of whole numbers. The denominator is equal to d, the number 
of poles in a basic unit. 


2. Make a table of squares having as many columns as the numerator of the reduced 
fraction and as many rows as the number of j-cl s in a basic unit. The table is divided into 
three equal vertical parts (for three phases). The numerator should definitely be a multiple 
if number of phases »’ e. 3 in the case of I phase windings. 

3. Start making crosses in the squares. Mark the first cross in the 'left square, 

proceed from left to right and put cross in every dth square where d is the denominator of 
above said fraction. 


4. The number of coils in a phase gioup of a particular phase is equal to the m... 
of crosses in a horizontal row within columns uf .that phase. 

5. The sequence of pole phase groups follows from left to right and row by row 
starting from upper Eft to lower right. 

The’application of this method is illustrated by the following examples. 
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Example 6'29. Determine the slot distribution and the pole phase group sequence for 
a 45 slot, 6 pole, 3 phase winding. 

Solution, 1 . Write the fraction slots/polcs=45/6 and reduce it to 15/2 where 15 
and 2 are the lowest pair of whole numbers and the numerator (i.e. 15) is divisible by 3. 

Hence d =2. 

Therefore there are 2 poles in each unit and so there are p}d— 3 similar units. 

2. Make a table having columns=numerator of the reduced fractions 15 
and rows—denominator of the reduced fraction =2. 

3. Divide the tabic in three vertical parts each having 15/3=5 columns and 2 rows. 
(See Table below). 


Phase R 

Phase B 

Phase Y 

X 


X 


X 


X 


X 


X 


X 


X 


X 


X 


X 


X 


X 


X 


X 



4. Mark cross in the upper left square and move from left towards right. Continue 
■narking cross in every dib squate. Here d—2 ai d so a cross is to be markc 1 in every second 
square. 

5. Count the number of crosses in each horizontal row in the columns of each phase. 
For e. ''mple, in the first rtw, there are 3 crosses for phase R, ‘1 crosses for phase B and 3 
crosses for phase Y. This mears that first pole phase group of phase R has 3 coils, of phase 
B, 2 coils and that of phase Y has 3 coils. 

6 . Proceeding row by row from top left to right bottom, the sequence, of coil groups 
is : 


Pha.'e 

R 

* 

Y 

* 

1 

b j y 

Coil in phase group 

3 

2 

3 

2 

[ 

3 2 

i 


Thus in a unit, for each phase, there are : 1 group of 3 coils and 1 group of 2 coils. 


Distribution of Slots. Starting with slot 1. 1 lie first phase group of phase R has 3 
coils and thus slots 1, 2 and 3 are assigned to phase R. The first phase group o i phase B has 
2 slots and so slots 4 and 5 belong to phase B. The first phase group of Y has 3 dels so slots 
6 , 7 and 8 are assigned to it. The complete distribution of slots is : 


Phase 

Slot No. 

R 

1, 2, 3 9, 10 

B 

4,5 11.12,13 

Y 

6 ,7, 8 14, 15 


1 he winding repeats itself for the other two units. 
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Example 6'30. Determine the pole phase group sequence and distribution of slots for 
a 8 phase, 48 slot, 10 pole winding. 

Solution, ]. Write the fraction slots/poles“48/10 and reduce it to 24/5 where 24 and 
5 are the lowest pair of whole numbers. 

Here d~ 5 and therefore arc 5 poles per unit, and thus there are 2 such units. 

2. Make a table having columns*”numerator of reduced fraction*=24 

and rows*=■ denominator of reduced fraction**5. 

3. Divide the table into three vertical parts, each having 24/3*=8 columns and 5 
rows. (See table below). 


Phase R 

Phase B 

Phase Y 

F 


1 

1 

1 

fl 

1 

1 

I 

I 

D 

1 

1 

1 

1 

fl 

l 

l 

l 

l 

D 

1 

1 

1 

1 


1 

1 

1 

1 

fl 

1 

l 

l 

1 

fl 

1 

1 

1 

1 

fl 

l 

l 

l 

1 

D 

1 

1 

1 

1 

D 

1 

1 

1 

1 

fl 

l 

l 

1 


fl 

1 

1 

1 

■ 

fl 

l 

l 

1 

1 

fl 

1 

1 

1 

1 

fl 

1 

1 

1 

1 

fl 

l 

1 

1 

1 

fl 

1 

1 

l 

l 

fl 

I 

1 

1 

1 


1 

1 

1 

1 

0 

1 

1 

1 

l 

fl 

1 

1 

1 

1 

fl 

1 

l 

l 

l 

fl 

1 

1 

1 

1 


4. Mark cross in upper left square and move from left to right. Continue marking cr< ■' . 
in every <Jth square. Here 4=5 and so the cross is to be marked in every 5th square. 

5. Count the crosses. 

The sequence of coil groups is : 


Phase 

RBYRBYRBYRBYRBY 

No. of coils in 
phase group 

221212212122121 


and the distribution of slots in a unit is : 


Phase 

Slot No. . 

R 


m 

11. 12 

16 

21 

B 

3.4 

8 . 

13 

17,18 

22,23 

Y 

5 

9.10 

14, IS 

MM 

24 


6 23 2. Conditions for electrical balance or symmetry. We have laid out the 
fractional slot windings assuming that they are balanced. Let us examine whether they are 
balanced or not. Taking the example of a 36 slot, 10 pole, of 3 phase winding explained on 
page 278. 
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Consider the slot star of Fig. 6'54. AH the phasors are equal in magnitude but are 
displaced with respect to each other by 10®. Firs* si)c phasors are assigned to phase R. The 
next six phasors are assigned to phase B and the last six to phase Y . Refer to Fig. 6'58. 
If we find the resultant phasor of phasors of each phase, we see that the resultant phasor of 
Phase B is shifted 60°, and *he resultant phasor of phase Y is shifted 120°, from the resultant 
phasor of phase R. These three resultant phasors are equal in magnitude. 

Reversing the connections of phase B, we get three equal phasors displaced 120° with 
respect to each other. Thus we get an absolutely balanced three phase winding. 



L 

Fig. 8*58. 

(i) Consider a 3 phase, 6 pole 48 slot winding. 

w . .42 8 ,2 

Wetav. r f7) - T -!y 
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Here 


M =8 and d— 3. 

3X8XP+1 


(tee Eqn. 6 35) 


Thus there is no integral value P which makes D as integer. Therefore, the sequence 
of slots in the magnetic field is the same as the sequence of the slots in the machine (This 
can be seen by drawing the slot star. Fig. 6 59 shows the slot star with a ,.=5x 180/48 
=22*5°). It clearly shows that the winding is unbalanced. Thus wo can say that if tin 
denominator of q is divisible by 3 in 3 phase windings and by m in m phase windings, the 
winding is not balanced. 

.'. The first condition of balance is : 

d/m should not be an integer. 

Thus, for symmetry of the phases, phase pitch Ypt^C/m should bo an integer, 
v . _ 2 mpq 


In order that Yph be an integer the denominator in q should not bo m or a multiple 
of tn. Thus in a 3 phase machine, the 


denominator in q should not be 3 or mul¬ 
tiple of 3. 

(*i) Consider the case of a 3 phase, 
4 pole, 28 slot winding, we have 

= _L _o _L 

7 3X4 3 Z 3 ' 

One unit comprises of <1=3 poles. The 
number of poles is 4. 

Thus the number of units*“(p/d) is 
not an integer and therefore the winding 
is not balanced. 



Fig. 6-59. 


This is due to the number of slots not being a multiple of number of phases (28 is not 
a multiple of 3). 

.’. The second condition of balance is that slots should be a multiple of number 
of phases or 

Sim should be an integer. 

6*24. Tappings and Openings. In order to provide phase-tappings or openings 
in commutator type windings (as in rotary convertors or a.c. windings with fractional slot 
windings), it is necessary to know the number and position of concerned coil, coils sides, and 
joints (or commutator segments). 

The coil and coil side positions are found as below : 

1 . Lap Windings. (See Fig. 6‘25). 

Table 6T 


Coil No. 

1 

2 

3 

Joint or segment No. 

1 

2 

3 

Top coil tide No. 

1 

3 

5 

Bottom coil tide No. 

1+// 

Hft 

s+y/ 
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2. Wave Windings. (See Fig. 6*26). 

Table 6 2 


Coil No. 

1 

2 

3 

X 

Joint or segment No. 

1 

H y> 

1+2 y. 

!+(*—1 ).v t =6 

Top coil side No. 

1 

H2 y. 

1 +4y t 

l+2(x-l)>.-26-l 

Bottom coil side No. 

\—y f 

Uht—y/ 

1 + 4 y e —Vf 

1 . 2(.v-!).»-->/= (2b-l)-y, 


The positions of top and bottom coil sides in their respective sluts for both lap and 
wave windings may be found by dividing the numerical values by u, the coil sides per slot. 


Example 6 31. A simplex wave winding has 8 poles, JV5 slots and 105 coils. Find (a) 
tappings of a winding for a 3 phase load (b) openings for a symmetrical 3 phase winding with 
a phase spread of 60°. 

Solution. 


(a) Phase pitch 



2 X 10 i 
3x2 


35 coils. Also 


2 8 2 X 1115 
— — —-— 

ma 3 


As both Yph and 2 S/m are integers, it is possible to obtain a 3 phase .symmetrical 
winding. 

Phase R Y B 

Joint 1 1+Fp*=36 1+2 »=71. 

In the complexer polygon of Fig. 6 60 (a) it is seen that the positions of coils with these 
numbers are displaced by 120 °. 

( 6 ) For a wave winding : 

Commutator pitch I^L=k 2 =26 coils. 


Resultant pitch Y=2ye~52 coil sides. 

Back pitch yt—27 coils sides, front pitch y /=25 roil sides. 

Coils per phase in a 6 phase windings 17 - • 


Each of the six portions, into which the winding is split, consists of 17 and 18 
coils alternately. 

Therefore the coils to be opened are : 

(») 1 (»») 1+17=18 (iii) 18+18=36 (»w) 36+17=53 («) 53 + 18=71 

(w) 71417=88. 

Referring to Table 6*2. 


Coil No. 

X 

Joint No. 
l+(x— l)y e =6 

1 

Top Coil SUL'No. 

2b—1 

Bottom coil Side No. 

(2b — l)—yf 

s* 1 

1 

1 

186 

F, 18 

23 

43 

20 

Sy 36 

71 

141 ! 

116 

r M a 

93 

183 

160 

S B 71 

36 

71 

46 


38 

115 

90 
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Fig. 6'60 ( 6 ) shows connections for the thre'e phases. 


J15/V 160 


'18 17 




71>V° VS. 

v s.. ,»yw\ 


sf < • I V W 1 

(«) Compkxcr polygon. (*) Connections for 3phues. Fij. 6.61. Po.itioMOf coi! 

Fig. 6.60 

Example 6-32. A simple wave connected armature, is to be opened at 6 plices. Given 
8 poles, 57 slots and 6 coil s dcs per slot. Find : 

(a) coil si .es to which connections are made, 

\b) positions of these eoil sides in the. slots. 

Solution. Number of coils C~\uS—$i X 6 X 57 = 171. 

° x 171 +2 

Cotnmutator pitch ye —~~—g- ~43 coils. 

Resultant pitch 7=2 X 43=86. Taking yj=43 coil sides, y/=*4 3 coil sides. 

171 

Coils per phase in a 6 phase winding=-g- =28^. 

Six portions, into which the winding is split, consists of 28 and 29 coils alternately. 

Therefore the coils to be opened are : Q - , » a - . 

(») 1 (is) 1+29=30 (in) 30+28=58 (w) 58+29=87 («) 87+28=115 
(*i) 1154-29=144. 


1 3 5 

□ □□ 

□ □□ 

2 4 6 


Fig. 6.61. Positions of coil 
sides in slots. 


Referring to Table 6‘2 


Coil No 




Joint No. 

J+(x—J)x 

y 9 -b 



Top Coil Side—2b—1 

K 

So. 

Position 

1 

Slot 1, coil side 1 

101 

Slot 17, coil side S 

115 

Slot 20, coil side 1 

215 

Slot 36, coil side 5 

229 

Slot 39, coil side 1 

329 

Slot 55, coil side 5 


Bottom Coll Skk~2b—l—y/ 


Position 


Slot 50, coil side 6 
Slot 10, coil side 4 
Slot 12, coil side 6 
Slot 29, ooH side 4 
Slot 31, coil ride 6 
Slot 48, coil ride 4 
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Connection*. Connect coil side 6 in slot 50 to coil side 4 in slot 29. Connect coil 
side 6 in slot 12 to coil side 4 in slot 48. Connect coil side 6 in slot 31 to coil side 4 in slot 
10 . Refer to Fig. 6 61 for positions of coil sides in slots. 

PRODUCTION OF EMF IN WINDINGS 

6 25. Choice of double layer winding*/ It has been explained earlier that 

double layer windings are of two types '. (i) hp and (if) wave. The choice between 
lap and wave windings, in a.c. machine, it governed by mtny design considerations. 
However, it should be noted that parallel circuits do not arise (and hence do no restrict the 
choice) in the same way as for the closed commutator windings. It is, of course, possible to 
connect coils of open windings in parallel groups, provided that each phase has sufficient 
number of identical sections. Lap windings provide a greater number of such sections than 
the wave windings. 

It is useful practice to use lap windings in a.c. machines. The coils forming the win- 
ding may be single turn or multiturn. The choice of cod depends upon the- number of turns 
per phase required to generate emf, the current rating and the number of parallel paths in the 
winding. 

Multiturn colls. An examination of the emf equation for a.c. machines reveals that 
the number of turns per phase varies directly as the voltage per phase and inversely as 
the flux per pole. Thus high voltage machines and machine with a large number 
of poles (having small value of flux per pole) have a relatively large number of turns per phase. 
Therefore, for such machines multiturn coil* are used. When multiturn coils have to be 
used for a machine the choice lies between a double layer winding and a single layer winding. 
In double layei windings, requiring good slot insulation, completely insulated preformed coils 
are dropped into open slots. However, in small low voltage machines, when the require* 
ments of insulation are not stringent# the conductors may be dropped one by one through the 
narrow openings of semi-enclosed slots insulated with a slot liner which serves as the main 
insulation. 

Modern machine building practice favours the use of double layer windings except 
in cases where the large openings of open slot (used for double layer windings of high 
voltage machines) become large as compared with the length of air gap thereby resulting in 
large magnetizing mmf and poor power factor as in large high voltage induction motors. 

Single turn coils. Machines like turbo-alternators have only two poles and therefore 
the flux per pole is large and hence the number of turns per phase is quite small. Also, low 



Fig. 6*62, Par type wav? winding. 
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voltage machines have a small number of turns per phase. Therefore, these machines require 
the use of single turn coils. Single tarn cotta require the use of bar windings which are 
commonly used for low voltage machines with large phase currents. There is usually one 
conductor per layer and the conductor is laminated and transposed along its length in order 
to reduce eddy current losses. 

Bar windings are used in turbo-alternators and low voltage multipolar machines. For 
these machines double layer bar lap or wave winding may be used. In both the cases, bars 
are pushed through partially closed slots and are bent to shape at the other end as shown in 
Fig. 6 62. This practice is followed when the conductor section is moderate. However, in the 
case of turbo-alternators, the bars are quite heavy in cross-section and therefore they must be 
completely formed before being inserted into slots. 

Bar type windings are also us d for rotors of large slip ring induction motors where 
current handled is large. Bar wave windings are preferred in this case as lap windings 
gives a large number of connectors which is undesirable for rotors. 

6 26 Construction of coils. Fig. 6*63 shows the various stages in the manufac¬ 
ture of raui iturn diamond coils used in double layer windings. In case the coil section is 
not heavy, it is wound as a flat over two dowels. The slot portion of the coil is gripped in a 
machine and pulled apart to give the required coil span. Coils having heavy cross-section are 
built up on formers. The overhang portion is bent up to make angle with conductors in the 
slots forming an involute shape as shown in Fig. 6*63. 



«ig. 6 63. Diamond type coil (Pulled type). 

6*27. Emf Generated in a Conductor, The emf generated in a conductor on the 
armature of a rotating electrical machine is ea^Blv 

where, B is the flux density ; l the length of conductor and v is the linear velocity of the 
conductor. 

This emf is alternating in nature and the irequency ot alternations is / a =pn/2 where p is 
the number of poles and » is the speed in r.p.s. 

The flux density distribution around the air gap of all properly designed electrical 
machines is symmetrical. The distributions are symmetrical in respect to abscissa and also in 
respect to polar axes. Thus they can be expressed by a Fourier series which does not contain 
any even harmonics- 
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Referring to Fig. 6*64, 

flux density at any angle 0 from interpolar axis 

BB—Bmi sin 0+Ai s sin 30+.+ Aw sin *8+. (6 36) 

A»i=amplitude of fundamental component of flux density, 

-Bmj®- amplitude of 3rd harmonic component of flux density, 

amplitude of nth (odd) harmonic component of flux density. 

Therefore, emf generated in a conductor located at an angle 0 from interpolar axis is : 

««= [An sin 0+Ai, sin 30+.+Am sin *0+. ]Lv 

Now, linear velocity v~nI)n~2nDf/p 
where D=diameter of the armature at the air gap, 
and Inactive length of armature conductor. 


Substituting the value of v in the above expression, 


«.-[ Bm -7 


nDL 2/ sin 0+An —^2/sin30+. + B m *?y2f sin»0 + . 

There are p poles corresponding to the fundamental component of flux density. 
Area of each fundamental pole, A x *~ 


] 


P 


N 


WTEBPOLA# 

MIS 





W HARMON® 
5M. HAMMS 


jlnJ lilld Liild ^USSSue >POi£f 

’9*1 has/aomc 

\j \J coMPOMenr 


CQMP0M6MT 
Fig. 6-64. Flux density distribution in space. 

Tf th:ro are p poles for the fundamental, there are np poles for the nth harmonic 
(Fig. 6.64). 

Therefore, area of each isth harmonic pole A n ~nDLfnp->A 1 }n. 

Hence, 

e.«[A* A x 2/ sin 0+A* A x 2/ sin 36+. +Am M V *m *»6+.] 

*2/[&u4 a sin 0+A.,. 34, . sin 30+.ifo .] 
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Now each flux density harmonic determines a corresponding flux harmonic namely. 

2 2 

Fundamental component of flux per pole X — jBmi= — A x Bm } ...(6’37) 

X R 

2 

Similarly, nth harmonic flux per pole — AnBmn ...(6*38) 

1C 

Substituting these values in expression for conductor emf, 

i sin 0+3 0* sin 30+...+n O a sin n0+. ) ...(6’39) 

.*. Instantaneous value of fundamental frequency emf generated in a conductor 

sin 6 

and rms value of fundamental frequency emf generated in a conductor is: 

^U/^t-2-22®!/. ...(640) 

and rms v.iln? of nth harmonic emf generated in a conductor is 

E«n**2'22 <6„ . nf • ..(6*41) 

From Eqns. 6*39 and 6*40, 

Ec, __ 2 22 <t> m nf _ nO N 
Bn "" 2 22 0,/ " O, 

2 2 

bur Ax^nA* and <0!*=— A x Bm X and On**— An Bmn 

it it 

. Ee» nX( 2/lt) AnBmn _ nAn Bmn Bmn 

E» x {2fn)A x Bnx A x Bm X Bm t ’ 

From Eqn. 6 42, it is clear that the relative magaitu les of harmonic emfj arc 
proportional to ther corresponding flux density components. Tims the emf generated in a 
conductor has the same waveform as that of that flux density distribution in space. This 
means that if the 3rd hirmonic component of flux dsnsity is 10 per cent, the 3rd harmonic 
emf generated in th^ conductor would also be 10 per cent. 

The rms valu; of resultant emf of a conductor is 

B •■“V B*n +^*«i+ .+JP*«„+. 

^Bt inf 1 -\-(Eei/Et x )*-h . •{■(Etn/Ec j)* +. 

"*Bt x if 1 +(&»,/ Bmi )*+.+(&»„/J$wi)*+...... 

-2-22 /V 1 +(Bm t /Bmx) i + ■ + {RmmlBm i r+ . 

...(6*43) 

6 28. Emf generated ia fall pitch colls. Fig. 6 65(c) shows a full pitch single 
turn coil. The two conductors forming a turn are 180 electrical degrees apart. The emf of 
such a turn is obtained as the phasor subtraction of the two individual conductor emfs E'e 
and JS'e as shown in Fig. 6 65(6). 

The rms value of a full pitch turn Et mm 2B« 

In general, we may consider a full pitch coil having Tt turns connected in scries, the 
emf generated in such a coil is : 

Et 

If a machine has p poles and like coils are placed one under each pole pair in the 
same position relative to the pole centres and if these p/2 coils are connected in scries, there 
would form a concentrated winding. For this winding : 

total turns Tatums per coilXnumber of coHs*»7\ . p/2. 

Emf of a full pitch concentrated winding—number of coils in series X « mf pe r coil 

-(p/2)J,*<i-2r JP, 

Substituting the value of Bt from Eqn. 6*43, emf of a concentrated full pitch winding 
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E ~2T x2'22 <t>,f 

I H'(-S»3 /&»j)* +.+(Bn»»/A»j)*-f. 

=4‘44 r®j 

v r+ : ~.+(z?«,/B wl )H. 

...(644) 

From above it is clear that the emf of a 
concentrated full pitch winding does not differ in 
waveform from the emf of a single conductor. 
Thus the waveform of emf of a full pitch concent* 
rated winding is the same as that of the flux 
density. 


From Eqn. 6’44, it follows that, the rms 
value of emf of fundamental frequency in a con* 
u ntrated winding is, 

i/j-4-44 T<D,/ ...(6 45 ) 

and the rms v;duc of nth harmonic emf 



— rr ■ ■ — '* 1 


En = 1'44 




=4 44 T «>! nf ...(6-46) 

6 29. Emf generated in a fall piteh distrl* 
buted winding. Armature windings of electrical 
machinei are normally not concentrated but are 
distributed. The conductors are not concentrated in 
one slot per pole but are distributed in many slots. 


Suppose a group, of coils consists of N coils 

{A, B, 0 . N). Th^ emfs of these coils, Ba, Em, 

Be, . Bn Ate all equal but are electrically dis¬ 

placed from each other by an angle if. The resul* 
tant emf of the coil group is the phasor sum* 
mation of individual coil emfs. Considering 
Fig. 6 66, it is clear that the 
phasor sum is less than the arith¬ 
metic sum of coil emfs. Thus 
owing to distribution of conduc¬ 
tors to more than one slot per 
pole, the resultant emf is less than 
the emf which would have been 
obtained had the winding been 
concentrated. In order to take into 
account the reduction in emf be* 
cause of distribution of winding, a 
factor called distribution factor 
is introduced. Distribution factor 
is defined as -. 



Kt~ 


uv’t'i,;! yo’Stag, genera* . v 

1 w, -vf.****- ,' i »• 

voltage g*r. < * ■'* ■■ ;n {{•,<* 

B phasor sum toii 
arithmetic sum of coil emfs 





Fi|. 6*6S. Emf generated in fell piujs coil. 



w v 'ifiM win ding _ 

? ng ■■ as amvcntrated 
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~ 2 R sin NW2 _ sin (N +/2) 

from F.g. b 66, R^ ^xTh sm W M " (6 47) 

When the N coils, referred to aoove, from a pole phase group, wo have 
jVaagssslots pi r pole per phase, and JV<Ji=<j=>phase spread. 

Therefore, distribution factor for fundamental 

Kd x «* sin a t~ - ...(6-40) 

* q sin a/2q v ' 


The angle of displacement between two adjacent slots for a field harmonic 
order is n^. The emf phasors of this harmonic are also displaced by the same angle 
Reasoning as before, 

distribution factor for nth harmonic 

sin n c/2 

Adnat q sin na/2q 

From Eqns. 6*45 and 6 46 for a full pitch distributed winding, rms value of 
mental frequency emf j&\=4.44 / Kdi 

and rms value of nth harmonic emf £»= , 4'44 TQ» nf Kin 

En __ Kdn Jinn Kin 

E\ 4*1 Kdi Bm\ Kd 1 

Rms value of resultant emf of a distributed winding having T turns, 

£,=4-44 T <!>,/ K ai V Kd 3 /Bmi Kd r )*+ . +(i^n Kd n /B mi Kd x )*'+. 


of nth 

* e. »<|i. 


..(6-49) 

funda- 
..(6 50) 
■•>6'5 J) 


.(6 52 ) 


From Eqn. G 52, it is dear that the emf generated in a full pitch distributed winding 
has a different waveform from that of the flux density. The magnitude of different harmonic 
emfs not only depends upon the amplitude of corresponding flux density harmonic but also 
on the distribution factors which may be different lor different harmonics. 



6'30, Emf generated in a fractional pitch 
concentrated winding. Alternating current windings 
are normally wound with fractional pitch (short pitch or 
cliorded) coils i.e. the two coil side forming a coil are 
displaced by an angle less than 180°. Suppose a is the 
angle by which the coil span in short of 180° as shown in 
Fig. 6 - 67(o). lhe fundamental frequency emfs of the 
conductors forming a turn are equal in magnitude but 
are displaced firom each other by an angle (180—*) as 
shown in Fig. 6*67(6). 

From the phasor diagram, the fundamental 
frequency emf of each turn is : 

Eti~n[E t cf\-E i e\. + 2E % ci cos « —2Ecx cos «/2. 

if there are T e turns per coil the fundamental frequency 
emf generated in a coil is, 

EtoUi^iTc Ec i cos a/2. 

If there are p/2 such coils under p poles, the 
fundamental frequency emf generated in a fractional 
pitch concentrated winding having T turns is, 



'by 

pig. 6*67. Emf of a chortled coil. 


E 1 =(p/2)x2Tc Eti cos */2«»2 TE« X cos a/2 

«4 44 T4>i / cos a/2 ... (6 53) 

Comparing Eqn. 6*53 with Eqn. 6*45, we find 
that the emf re duces if we use fractional pitch coils. 
The reduction is proportional to cos a/2. We can write 
Eqn. 6*53 as: 

^*=4*44 T 0> x f Kpi ...(6*54) 

where K fl is called the pitch fkctwr for the funda¬ 
mental. 





...(661) 
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In general, considering the nth harmonic, the nth harmonic emfs generated in two 
coil sides of a fractional pitch coil would be displaced by an angle » (180—a) where n is an 
odd integer. 

Therefore, pitch factor for nth harmonic Kp=* cos na/2 55) 

Thus the nth harmonic emf in a fractional pitch concentrated winding is : 

E»—A'AA T Q»nf Kpr ...(6‘56) 

and the total emf generated 

E-A AA TQJ KpJ 1 HBm, KpJB* l K fl )'+ .+ (&» Kpnf&^K^+ . 

...(6*5') 

From Eqn. 6*57, it is clear that the waveshape of emf generated in a fractional pitch 
concentrated winding is different from that of flux density distribution. This is because the 
magnitude of different harmonic cmfs depends upon their pitch factors which may be 
different for different harmonics. 

6’31. Emf generated in fractional pitch distributed winding. The windings 
of most electrical machines are distributed two layer type with fractional pitch coils. 
Generalizing and including the effects of both distribution and chording, we have for a 
winding of T turns, 

emf of fundamental frequency (Eqns. 6'50 and 6‘54), 

Ei-A'AATQxfKpi Kn 

and nth harmonic emf (Eqns. 6 51 and 6'56) 

■ff«*=4'44 T nf Kpn Kdn 
Total emf of the winding, 

E-4 (E l ) i +W+-..+(En) 1 +-. 

=»4‘44 T Q t f Kn +...+( ^ ^ 

Eqn. 6‘63 shows that the waveform of the generated voltage is not the same as that 

of the flux density distribution. This is because the relative magnitudes of harmonic emfs 

would now depend upon the pitch and distribution factors in addition to the amplitudes of 
the ‘flux density harmonics. The product of pitch factor and distribution factor is known as 

winding factor. 

Winding factor for fundamental Km=K n Ki x and for nth harmonic Kwn—Kpn Kin. 

Thus Eqn. 6*63 can be written as:_ 

JP*»4"44 T Oi f Km yj 1 +(Bm* KtufBmi ^ ( » 1 )*-|-...+(fiw» Kwn/Bmi ***^ ^ 

5 32. Emf generated in a.c. machines. The effective value of voltage generated 
in each phase is given by Eqn. 6*64. 

Voltage per phase,____ .__ 

Ep\—A A\ Tpk ®if Kwi \/1 +(-Bn»s KwjBmi - m) 1 +• • • + (Aw KmJ&rn\ Kmi)' +•• ■ 

...(6*65) 

where Tatums per phase. 


/ Bmn K p n Kin \ 
\ Bn M K P1 K tl I 


..(6*62) 

..(6-63) 


Epkm 

Ephi 


or 


Fundamental frequency emf per phase 
E,ii=4'4i Tph A>i Kp i Kdi 

nth harmonic emf per phase #**»*■ 4*44 T»* nf •• Kpn Kin 
_ 4 44 Tvk nf ft. Kpn Kdn _n ^jKpnJU^n^mKm^^ BmnHrnn 

~ 4 44 ZV»/ftj K Pl Kn ft K Pi Kti ft Bmi K m 

RgM Ktm 


...( 666 ) 

...(667) 


...( 6 * 68 ) 
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6-33. Effect of distribution and chording in A.c. 

sin » q/2 


tiie distribution factor for nth harmonic Kin' 


q sin na/2q 


machines. From Eqn. 6'49. 


Where number of slots per pole per 
phase is large, the distribution is uniform 
giving the effect shown in Fig. 6'68. The 
arithmetic sum of theemfs i$ an arc while 
their phasor summation is the chord of that 
arc. 

Therefore, distribution factor for 
fundamental 

„ 22? sin o/2 _ sin o/2 

- 35 - ~W~ 

...(669) 

Similaily, Kt%** -..(6*70) 

The distribution under these conditions is known as infinite distribution. Actually 
when q is equal to or more than 5, the winding can be taken as infinitely distributed. 

Considering an infinite distribution of winding. A phase spread of o=60° gives a 
distribution factor of 0 955 for the fundamental while with <J=120°, the distribution factor 
for fundamental is 0 827. ‘As the distribution factor directly effects the output voltage, it is 
clear that the output of a machine would be 0-955/0*827 *=1'15 times as much with G0° phase- 
spread as with phase spread* 120°. However, if we c msider the 3rd harmonic, we find that 
its distribution factor is aero with o**» 120*. Thus, the voltage generated corresponding to 
3rd harmonic and also all other harmonics whose order is a multiple of 3 i.e. tripirn 
harmonica, would be equal to zero. Therefore, a phase spread of 120° eliminates the 3rd 
harmonic (and also other triplen harmonics). 

Table 6-3 



Fig. 6 68. Infinite Distribution. 


Distribution Factors 


q—Slotalpolelphase-* 

2 

3 

4 

00 

Order of harmonic 

s-1 

0-966 

0-96 

0957 

0 955 

>i-*3 

0707 

0666 

0-653 

0-636 

»i«3 

0259 

0-218 

0 205 

0D1 

n=7 

0-259 

0-178 

0-158 

0136 

n»9 

0-707 

0333 

0 271 

0212 

R»I1 

0‘966 

0178 

0 126 

0-08/ 

ft— 13 

0 966 

0-218 

0 226 

l 

0 074 

n—15 

0-707 

0*666 

0-271 

0-127 

ft—17 

0*259 

0-96 

0158 

0056 

19 1 

0-259 

096 

0-285 . 

1 ' - 

0050 
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Table 6 3 shows the distribution factor for the fundamental and harmonics of a 3 
phase winding for 60° phase spread. From this table it is clear that the use of a large 
number of slots results in reduction of distribution factor for the harmonics while the 
fundamental remains almost unaffected. Thus, by using a large value for q, the harmonic 
emfs are reduced. 

It has boon discussed earlier that by chording a winding (using fractional pitch coils)* 
its emf is reduced and the reduction factors are 

K Pl —cos a/2 for the fundamental and jKjm-cos »a/2 for nth harmonic, 

Suppose we chord the coils by 1 /3rd of a pole pitch i.e. a=»K/3«=60°. 

Under this condition, Jfpi*“Cos 60°/2=0'866, Kp s =»cos 3 x 60/2=cos 90°*=0. 

Thus 3rd and all triplen harmonics are eliminated from coil and phase voltages if the 
coils are chorded by w/3. In general the coils should be chordeJ by an angle— «/» for 
elimination of nth harmonic. 

The triplen harmonics in fact, are not elimintted by chording the coils by 60* as 
given above because this would result in considerable reduction in emf of fundamental fre¬ 
quency (as Afp,«»0‘866 for a*»60°). The triplen harmonics generated in a 3-phase machine 
are normally eliminated by Mar connection of phases. The line voltage of a star connected 
machine cannot contain any triplen harmonics unless a star point circuit is provided for 
them, which is quite unusual This is clear from Fig. 6 69. The fundamental emfs of a 
3-phase windings are shown in Fig. 6 G9 (o). These emfs E»i, Er%. flit are displaced fiom 
each other by 120°. The funiamental line emfs are given by the phasor difference of 
phase emfs. Line emfs are : i-- 

E*ri“Ejti—Er»i i**®*,— E*i g 





1 


^ S SSS 


I Resultant 

E «V 




w ■ » 


(a) (A) 

Fig. 6-69. Fundamental and 3rd harmonic emfs. 

It is clear that the three line emfs are equal to y/3 times the phase emfs. The third harmonic 
emfs are in the three phases are displaced from each other by an angle 3X 120°««360 6 . Thus 
the 3rd harmonics (and other tripfene ».e. harmonics whose 'order is a multiple of 3) are in 
phase with each other and hence are cophsisl as show in Fig. 6‘69 (4). 
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The 3rd harmonic emfs appearing across the three lines are phasor difference of 3rd 
harmonics emfs in two different phases. The difference of two equal emfs which are in 
phase with each other is zero i.e., 

3 §L Ear,*®*,—Er a =0, ErjaEjj-Ejr^O, Ej,-Eji,=-Ej)r,--0 

Hence the 3rd harmonic emf appearing across the lines of a star connect^! generator is 
aero. It is normally the practice to chord the winding to such an extent that 5th and 7th 
harmonics are reduced considerably. It is usual to chord the winding by a—30° as this 
. gives, 

#,.-0966, # w -0 707, #,.-0 259, and #„«0’259. 

Thus the 3rd and the other triplen harmonics will not appear in the line voltage, 5th 
and 7th harmonics are considerably reduced, and the fundamental is not affected very much 
with chording by «—3o®. 

Coming back to Eqn. 6.65, it is clear that the waveform of emfs generated will be 
quite different from that of the flux density waveform. This is due to the fact that the 
various harmonic emfs would depend not only upon their corresponding flux density compo¬ 
nents but also on their distribution and pitch factors. By properly designing the machine 
these factors can be kept low for the harmonics thereby reducing the harmonic voltages. 
Thus it is possible to have an approximately sinusoidal waveshape for the generated emf 
in a winding even though the flux density distribution is non-sinusoidal. 

From above it is clear that, for a properly designed machine, the resultant emf per 
phase Epk would be almost equal to its fundamental component E P k x . Thus Eqn. 6 66 for 
Epki can be used for calculation of phase voltage Epk for ordinary purposes. Further the 
value of fy, fundamental component of total flux per pole differs slightly from that of tf>, 
total flux per pole. Thus either of them can be used in Eqn. 6'56 for thii determination 
of Epk* 


6 33. Distribution Factor of Fractional Slot Windings. It has been explained 
that in a fractional slot winding, slots per pole per phase q~Sjmp=Mjd (See Eqn. 
6*31) or there are M slots per phase distribution over d poles, it has also been explained that 
the displacement between phasors of a fractional slots winding is a, m where, a*— n/mM (See 
Eqn. 6*32). 

Thus for a 3 phase machine a«=it/3if. 

< 

There are M phasors of a phase displaced from each other by an angle « m — r/3 M 
and hence JV —M and i*/31f. 


and 


Distribution factor for fundamental 
w sin X 
1 N sin i/2 

.'.' For a fractional slot winding 

tr _ sin Jfit/6 M sin */6 

sin n/BM^M sin «/6Jf 
sin n x/6 
sin nmj6M 


-..(671) 
...(6 72) 


Thus a fractional slot winding as if it has M slots per pde per phase. Consider a winding with 
g—5/4. This winding behaves as if it has 5 slots per pole per phase. Therefore, 
the winding gives a small value of distribution factors for higher order harmonics, thereby 
reducing their magnitude. This is inspite of the fact that the actual number of slots per 
pde per phase is nearly equal to I 
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XpAl- 


•707 V. 


Example 6'33. The .phase of emf of a 3-phase 50 Hz alternator consists of a funda¬ 
mental, a 20 per cent third harmonic and a 10 pc> ci.nt fifth harmonic The amplitude of 
jundamental is J000 V. Calculate the rms line voltage when the windings ate connected in (a) 
star {b) delta. If the reactance per phase at 50 Hz is 10 11, calculate the circulating current 
when the machine is della connected. 

Solution. Rms alue of fundamental frequency emf per phase 

1000 
1 V2 

Rms value of 3rd harmonic component of phase voltage Eph 3 —0"2 x 707 V=*=141 '4 V. 

Rms value of 5th harmonic component of phase voltage E P h & ~0 1 X 707'1 =707 V. 

(o) In star connection the third harmonic compon rit will not appear across the 
lines and then lore the line voltage is equal to \/3 times the piiase voltage considering no 
third harmonic. 

Phase voltage considering no third harmonic, E v h~*f E'p*i +- E i v \ b — *f (707 1)* + (707)* 

= 710-6 V. 

Line voltage=\/3 X 710'6= 1230 8 V. 

(b) In delta connection, the third harmonic component of voltage acts around the 
delta. Third harmonic voltage appears as a voltage drop in the impedance of windings and 
therefore does not appear across the lines. Therefore, the lino voltage is equal to phase 
voltage considering no third harmonic voltage. 

Line voltage**^ Eph* +- E p h s * =71 O' 6 V. 

The third harmonic component of the voltage circulates current around the delta. 
The third harmonic voltage components of three phases are cophasal and thus add algebrai¬ 
cally around the delta. 

.'. Voltage producing circulating current=3^^. 

The reactance per phase for the fundamental frequency is 10 Q and therefore the 
reactance per phase corresponding to 3rd harmonic is 3X 10=30 Q. 

3 E,k» _ 3xl41'4 
3X30 “ 3x30 


Circulating current 8 


=4*71 A. 


Example 6*34. The flux distribution curve of a smooth core, 4 pole, 1500 r.p.m. syn¬ 
chronous generator is : 

B$^l sin 6 + 0'25 sin 30+ O'2 sin 50-+07 sin 70 Wb/m * 

where 0 is measured from interpolar axis. The pole pitch is O’4 m and the core length is 0 3 m. 
Determine, the equation of the induced emf per turn and its rms value if 

(i) the coils are full pitch* (ii) the coils are chorded by 4\5 of pole pitch 

Comment on the remits obtained. 

Solution. 


, pn 4X1500 en „ 
Frequency 50 Hz. 


2 "2x60 

Area of each pole (fundamental) A*=pole pitch X core length =0'4 X 0'3 =0' 12 m*. 
Fundamental component of flux per pole 


A x =|-X 1X0 12 =0 0764 Wb. 

TC Tt 


The distribution factor for fundamental and harmonics is 1 as we are considering 
only one turn. 
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(i) For full pitch c jils, the pitch factor for fundamental and all the harmonics is 
or Kn—Kri=Kp i = : Kff" :x 1. 

Winding factor for the fundamental and all the harmonics is 1. 
or Kmi — Kw%—Kw t =*Kwi — 1. 

From Eqn. 666, Fundamental frequency emf is each turn 
J2' n «:4-44<» 1 / Km t “444 X 0 0764 X 50 X 1 — 17 

From Eqn. 6’68, 


nth harmonic induced emf per turn Ei»*=E%i 


Bmm Kmm 
Bin i Km i 


1 


Therefore harmonic emfs are : 

Bm% Kmt 


Ett=*Eix 


1-7 —4*25 V. 


Bm x Km 1 

r p Bm s Kmt i .7 ®'2 X 1 v 

An K.r 1 TxT 3 40 v - 

... m -®"*7 Kmi ,.-jO I Xl_,, 

ITT* 170 v - 


The above values of emfs are rms values. 

The equation of the induced emf in a turn is 

y2( 1 7 sin o»t+4'25 sin 3 wt+34 sin 5 «t-|-r7 sin 7 tot) 
or 24 sin o»*4 6 sin 3 wf+ 4’8 s in 5 ci»t+2’4 sin 7 o>t 
or 24(1 sin o»* 4-0 25 sin 3 wt+0'1 sin 5 w«4-0T sin 7 tat) V. 

Comparing the equation of induced emf with that of flux distribution, we find tli 
thev are identical. From this it is clear that in a full pitch, concentrated winding the rel 
tive 7 magnitude of harmonics in the induced emf is the same as in the flux distribution. 

Rms value of induced emf per turn Et*= V EtS+EJ+Etf+Eti* _ 

“\/U7)*4-l4-25)*4-(3-41)*4(l-7)*=»17-93 V. 


(it) Coil span-4/5 X 180°-144°. Angle of chording *-180-144°-36° 

Pitch factor for fundamental Jfpx=cos */2—cos 18 ttol 

Similarly pitch factors for the harmonics are : 

Xp,-cos 3 X 18-0 5878 , cos 5 X 18 - 0 , £„-cos 7 x 18 -- 0*5878 

. Winding factors for the fundamental and the harmonics are : 

Kmi^Kti 0 ' 951 , Kmt^Kdt Kp >— 0*5878 

Kms^Kit ^**“ 0 , Km^—Kif Kpf™ — 0 ‘ 5878 . 


Proceeding as in part (») 

g tl =4 44 / Km-4 m 44 X 0*0764 X 50 X 0*9511-16’ 1 V. 

Bn it Kmt 


Ett^Eti 


Bm 1 Km 1 


, 16 -! 0 . 25 X 0^878 
101 ixo-y 5 ii * 


x 

Et^Eti 


Bmt Kmt _ic.i 

KT&T 161 

Bmi Kmt 


Bm 1 Km 1 


* 16*1 


02X0 
1X0*9511 
O’l X0*5878 
1X0*951 


-0 


■0 r 995 V (-) 
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The equation of induced etnf per turn is 

\/2 {iG* 1 sin wM-2‘49 sin 3wt+-0 sin 5«d—-0'995 sin 7« t) 

or 22'8 sin «<+3‘52 sin 3wt—1*41 sin 7a»| 

or 22‘8(1 sin wt+ 0‘154 sin 3»t—0'06l8 sin 7 wt) 

Comparing the equation of induced ernf p f, r turn with that of flux distribution, we 
find that they are different, Thus we conclude ihat by chording the winding the wave 
shape of induce i ernf is different from the flux density distribution. We also find that the 
relative magnitudes of 3rd and 7th harmonics are considerably reduced while 5th harmonic 
is altogether absent. The absence of 5th harmonic is attributed to chording by st««3G® 
(».«., 180/5). _ 

Urns value of induced emf per turn titf •fltiy* 

^06 1)'+(2’49)»+fO'995)»* 16-35 V. 

Comparing the total emf per turn for full pitch and fractional pitch windings we find 
th it the emf generated in the fraction pitch winding is smaller. 

Example 6 35. A 3-pham 4 pole, SO Hi machine has an armature with a diameter 
of 0 5 m and length O'3 m. The equation for flu* density distribution is : 

B^O‘13 sin 6 + 0 03 sin 39 4 O’OB sin 00 Wb/m'. 

Double layer winding is used for the armature whish has 60 soils with JO turns per soil. 
This phase spread is 60*. 

(а) Determine the voltage generated per coil and per phase for full pitch coils. 

(б) The voltage generated per coil uni per phase if toils have a span of 13116 of a pole 

pitch. 

(e) Determine the voltage between terminals for star connection for the above. 

Solution. 

Area of each pole (fundamental) X0‘25x0'3**0’0589 m*. 

Fundamental flux per pole ® 1 «(2/»») /?«, 4i«*(2/»»)\'0’I5X0 , Q589f-0 - 0Q562 Wb. 

(a) Fundamental frequency emf per turn JEhi«*4’44 9 x fKp x K* x 

Now, Ks x MS Ki»' e *\ when considering a turn or a coil and Kpi^Kvn^i for full pitch 

coils. 

or JTsi*&»"1 

/. £u»4'44XO’005(>2x50xlXl»r25 V. 

3rd harmonic emf in each turn TB^Btx p Ti fe .ol'25x ;^TI**0',*5 V. 

tm\ a*i U ID 

5th harmonic emf per turn jj^^Q’lM V. 

Total voltage per turn m4 1’25 , 4'0’23 , 40 , 166 , «1 , 28 V. 

Voltage per coil""turns per coil X voltage per turn-* 10 X 1 ’28-* 12‘8 V. 

’ Number of colls par phw->6 V3<*2Q. For a double 1 tyer the nuubtr of slots is equal 
to th? nunbir of c »ils anl hence the number of slots is $0. 

60 

. Number of dote per pole phase 
Distribution factor for fundamental Ks x 
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Distribution factors for 3rd and 5th harmonics are 
sin (3 X 60/2) 


Kda— — 


0647, K4^ ~ sin ^ X ^°! 2) 


'3 sin (3X60/2X5) u A *”5 sin (5x60/2X5) 
rpA—coils per phase X turns per coil=20x 10=200. 


=02 


Fundamental frequency voltage per phase E P ni~4 44 f <t> x Tph K& t K Pl 
=4 44 x 50 X 0 00562 X 200 X 0 957 x 1 =239 V. 
0-03x0-647 


Eph3 Em B^kJi O'15x0 957 
and Eph^Eph! =239 X Q . ] 5 x p.ggy* 

Voltage per phase E V h—*f Epi*i*+ Eph 3 * + j 5 ? j >* 5 *= yj (239)*+(32 3)* -f- (6-66)*==:241 3 V. 


=239 X 


=32 3 V. 


6’66 V. 


(6) Coil span (13/15) X 180=156°. 

Angle of chording a= 180—156=24°. 

K P i=cos-^~=cos I2°=0‘978, 1Tj>,=cos 3X 12=0 809, IT,» B =cos 5xl2=0‘5. 


Fundamental frequency emf in each turn 

4*44 <Di / Kvi (as JT*»= 1 when we consider emf in one turn) 

=4 44 X 0 00562 x 50 X 0 978= 1 22 V. 

3rd harmonic emf in each turn E, a =E tl * j^ - ^ =122 q-15x 1 XO’^"* 0 ' 202 V * 


0'09 x i xo ,|! » 

5th harmonic emf in each turn Et t "*V 22 Q . j y - 1 x097 8~ ~°‘° 83 ^ V. 

.*. Total effective emf per turn Et*= Vr22*+0-202*-f0*0832*= 1 ’244 V. 


Volt »gc per coil=l’244x I0=12'44 V. 

Fundamental frequency voltage per phase with coil pitch of 13/15 pole pitch. 


E P hi =4‘44 Tph QifKd,. Z,i=4 44 X 200 X 0 00562 X 50X0 957x0 978= 
Bnt . 0 03 X 0 647 X 0*809 


=233 V. 


Eph 3 — Ephl 
Similarly, Eph 3 —2 33 X 


' 233x O* 15 X 0*957 X 0-978 
002X0-2X05 


=261 V. 


0 15 x 0-975 x 0-978 


-3*32 V. 


.*. Voltage per phase Eph^^f'lZH 9 - -f-26*1*+3*32*=234* V. 

(c) With star connection, the 3rd harmonic voltages do not appear across the line ter¬ 
minals even though they are present'in the phase voltage. 


With coil pitch =13/15 pole pitch, the phase voltage omitting the 3rd harmonic 

Eph = 233«+3*32*=233 V. 

.*. Line voltage=V3 X233=404 V. 


Example 6*36. The flux distribution in the air gap of a 60 H* salient pole alternator 
nay be taken as rectangular the base being turn thirds of a pole pitch, (a) Calculate the rms 
nine of the phase emf (considering harmonics upto 6th. Calculate the phase emf if the same 
otalftux hid a sinusoidal distribution. 

Given : turns per phase—120 ; phase spread 60* ; pole pUch**0'6 m ; stator core length 
Y76 m ; maximum value of gap density x O'7 Wb/m 9 . Full pitch coils are used. 
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Solution. The Fourier analysis of a simple rectangular field form has been done 
earlier. The flux density is given by : 




ft 1 Qj I 

—sin 0+—cos -jj-sin 30+ — cos ^-sin 50-}-. 


where 8=n(l --+) where is the ratio of pole arc to pole pitch. 

In our case <|i=2/3 and therefore 8=w/3. 

A > A __ 

Amplitude of fundamental Hmi=— J3*cos — =— x0’7xcos —=0772 Wb/m*. 
r « 2 n b 

4 30 4 it 

Amplitude of 3rd harmonic ft cos — =— X 0 7 X cos — =0. 

Amplitude of 5th harmonic ft c0 * ^-=-^X07 cos =0*154 Wb/m*. 

Since the coils are full pitch JTp 1 =£ w =.K|> s =l. 

Assuming infinite distribution, the distribution for the fundamental and the third 
harmonic are 

v _ sln g / 2 »n */6 rt ,» eg 
K4i=* -—0955 


and 

The winding factors are i?«i=0’955 and Jrt»»™0*191. 

Fundamental flux per pole 4>i=-^-&»i ilt = -~x0 0772X0 5 X 075=0'184 Wb. 

Rms value if fundamental frequency emf Epki=4 44 x 50 x 0’184x 120x0’ 55 

=4660 V. 

The rms value of third harmonic emf is aero as the pitch factor is zero. 

Rms value of 5th harmonic emf Epk^Epki 4660X >187 V. 

Rms value of Epk phase emf=lf(4660)*~H0)‘+(187)*=4670 V. 

(ft) Total flux per pole ®=2/3x(07)(0’5x0*75) 

=0175 Y/p. 

If this flux were sinusoidally distributed, rms 
value ol phase emf 

j7, ft —4-44 X 50XOi75X120x0 955*4450 V. 

6 34. Emf generated in d.c. machines. 

Fig. 670 shows a d.c. machine. The voltage appear¬ 
ing across the terminals of a d.c. machine is the 
summation of emfs generated in all the conductors, 
which at that instant of time are in one series path 
between the brushes. 

If the armature conductors were so closet) 
placed on the surface of the armature that they com¬ 
pletely covered it and if the number of coils, short- 
circuited by the brushes was the same at every instant, 
the number of conductors in one series path between 
the brushes would be the same at every instant.- And 
with an infinitety distributed winding the net position 
of conductors would be the same with respect to the 
magnetic field at every instant. Under these condi¬ 
tions the voltage appearing across the brushes of a d.c. 
machine would be the same at all instants of time. 
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Tims the cmf generated In a d,c. machine 

E -conductors in series per pathXaverage voltage per conductor. 
(This takes into account the distribution of winding). 


From Eqn. 6'39, the instantaneous value of conductor emf 
e a *snf 4>j sin 0-|-3»*/ sin 30+..+»*/ sin *0+. 


Avraga value of conductor ernf 


n 

“| ttonidB 


j(»/ sin 0+3*/<&» sin 30+...-f nw/4> n sin n04-...) d0 

+.+4>„+.] 

Now [«D, ..+<!>»+...]»»♦, the total flux per pole. 

E*(w >"*2/ O. 

Now if Z is th>» util number of armauira coniuctors, the number of conductors pf" 
parallel path is Z/a if the numb ;r of parallel paths is «. 

Generated emf E^Ec^w )X — «*»2/ Q~- ""QZn'%- -..(6 73) 

a s n 


Thus the emf generated in a d.c. machine would depend upon the total flux per pole 
and not on how it is distributed around the air gap. 

6 35. Tooth Ripple* (Slot Harmonic*). The surface of the armature has been 
assumed as sroaoth while deriving the expressions for voltage generated in armature windings. 
However, the effect of slotting on the generated voltage 
cannot be ignored since certain harmonic emfs of 
particularly undesirable order may be produced be¬ 
cause of the presence of slots in which tne conductors 
are located. Consider Fig. 671, it is clear that the 
reluctance at any point in the air gap would depend 
upon whether a slot or a tooth is in the magnetic 
path. As there is a movement of the armature, the slots 
and teeth alternately occupy positions at this point 
and thus the reluctance varies. The ripples caused 
by the variation of reluctance from point to point in 
the air gap are of the ibrm shown in Fig. 671. It 
is important to note that these ripples do not move 
with respect to conductors but glide over the flux 
distribution curve. This is because these ripples are 
due to slotting of armature and they are always 
opposite to the slots and teeth which cause them. 



Q/PPLE 

C0MP0MEA/7 


Fif. 671. Tooth Ripples. 


Referring to Fig. 671, a complete cycle of this tooth ripple takes place in the time 
required for the pole to move through an angle equal to one slot pitch. Thus if there are q 
slots per pole phase and m phases there would be 2 mq cycles of the tooth ripple for one com¬ 
plete cycle of fundamental frequency / or 

frequency of tooth ripples 

/s ■■ftmdamental frequency X number of slots per pair of poles 
—2 mqf. ...(674) 
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The effect of the ripples may be considered as an additional flux <t»i superposed on the 
main field. Considering the fundamental component <&* of flux of the main field and ignoring 
the other field harmonics. Let the winding have T turns. 

Flux linkages of armature winding <|>= T(Q, ■+ <D< sin 2 n ft i) cos 2it ft 

“"T®, cos 2«/H-:7 , y-£sin 2n (ft—f)t+s in 2n (ft+f) t J 
d<l> 

Generated emf t———■ 

at 

—2 nfT O x tin 2k/<— (/«—/) cos 2* (Jt-f)t+ 2rt (ft+f) cos 2« {/«+/) tj .(675) 

The first term on the right hand side of Eqn. 675 is the emf of fundamt ntal frequency, 
while the remaining term is the emf due to tooth ripples. It is clear that ihe tooth ripple 
emf is made up of two frequencies (ft—f) and (ft+f). Thus it is evident that the slotting gives 
rise to emfs of two frequencies, which are 

fti—ft+f^f (2 mq+ 1) and /«,**/»— / (2 mq— 1). 

These harmonics in the generated emf are called slot harmonics. 

In the above analysis only the fundamental of slot reluctance variation has been con- 
sidered. Further ripples may occur due to harmonics. Thus a m phase winding with q 
slots per pole phase the slot harmonics of frequency (2 Amq+ 1) / are produced where A—>1, 
2» 3.etc. For a 3-phasc winding, order of slot harmonics, n~(6Aq:, 1). 


Consider a common three phase winding with integral number of slots per pole per 
phase and a phase spread of 60°. 

Let us evaluate the distribution factor slot harmonics. 

sin (6Aq±l)nl6 _ sin (Aqn±n/6) 
q sin (6Ag± 1) */6g q sin (An ±«/6j) 

Now A and q are both integers and therefore we can write, 


sin (.dgi*±ii/6)=sin ±n/6 and sin (^x±it/6g)=±sin n/f>q. 
Disregarding the sign Ki(6Aq± 1) 


or 


Kt(2Amg+ 1 ) 


Therefore the distribution factors for the slot harmonics is equal to that of the funda¬ 
mental. Hence if flux harmonics of these orders are present in the a r gap. emf harmonics 
will appear in the phase voltage with the same percentage value. 

Example 636, A 4 pole, SO Hx, S>phaec \alternator hat a tingle layer winding with 5 
tloU per pole per phate and 1 conductor per sol. The fundamental component of flax per 
pole it 1.8 Wb. The air gap flux contains a 10 per cent third harmonic, and a tooth ripple with 
a manimtim amplitude of 6 per cent. Calculate the emf of each phate. 


Solution. Slots per pole per phase g=5. 

Frequency of tooth ripples /i“2 mqf**2 X 3 X 5/®= 30 /. 

A ripple of frequency 2mqf is approximately equivalent t> two combined harmonics 
of frequency (2mg±l) /, each with an amplitude half that of the ripple. 

A A 5 per cent ripple of 30th order is approximately equivalent to 2'5 per cent 
harmonics of (30±1)**3 1st and 89th order* 




306 


ELECTRICAL MACHINE DESIGN 


Distribution factors for fundamental and third harmonic are : 


Kd x 


- sin (60/2) sin 3(60/2) 

5 sin (60/2 X5) ’ 5 s j„ <5 x 60/2 X 5) 


-0645. 


i* j ias already been explained that the distribution factors for harmonics of order 
( 2 mg±l) is the same as for the fundamental. 

Thus Kd{lmq±l)t=Kd l if*!—IT*,,—l&n — 0' 9 5 7 

Turns per phase— - «el 0 . 


Full pitch coils are used .*. K Pl *=K n =~Kpn — l 

Thus K'n—K^Kn— 0 957, ^^^—0 645 

K ittt— £<••£>!•—0 957, Kwn. 


From Eqn. 6 ‘ 66 , fundamental frequency emf per phase 

4'44 TpifQiKdxKn **444 X 10 X 50 x 1 8 x 0 957 <1-3810 V. 


Now, nth harmonic emf per phase 

Ephm 9 ^ n"* w"* X JSfki [Eqn. 6 * 68 ]. 

JSmi Ami 

.*. 3rd harmonic emf per phase Epk %— —^ X 3810—257 V. 


Similarly 29th and 31st harmonic emfs are 
.0 025 X 0-957 


Eph»t' 


X 3810 -952 


Ephn* 


0025X0*957 


0 957 --- 0957 

Voltage per phase JE , »»-V / 3810*+257*+2X95‘2 , -3821 V. 

MMF DISTRIBUTION OF ARMATURE WINDINGS 


X 3810—95-2 V. 


6 36. Mmf distribution of concentrated colls. The armatures of all electrical machines 
(with the exception of a few) have distributed 'windings which are spread over a number 
of slots around the periphery of the air gap. The armature with full pitch coils whether 

for a d.c. machine or an a.c. machine has a current 
distribution such , that one half of the armature conduc¬ 
tors carry current in one direction and the other half 
in the opposite direction. The individual coils are so 
inter-connected that the resultant of field produced by 
the arma tuie wxhdtngrhai'the same number of poles as 
the field winding. " > 

The magnetic fields produced by distributed 
winding can be studied by considering oneof the most 
simple form of a single phase 4 pole winding. This 
winding consists of two coils with coil sides 1 , 2 , 3 and 
4 as shown in Fig. 672. The dots and crosses indicate 
current towards and away from the reader respec¬ 
tively. A cylindrical concentric rotor is shown for the 
sake oT simplicity. The same winding arrangement 
_ .. ... . in the developed fiWm is shown in Fig.%'73: The 

Fig. 6 72. Machine with two coils. general nature of the magnetic field produced by the 
current carrying conductors is shown by the dotted lines. Coil side 1 , creates flux between 
OA and OC. Thus total mn.f produced by coil side is associated with flux lines in the portion 
of armature between OA and OC Similarly, ceil side 2 produces magnetic Arid -between 
OC and 0B, co|I side 3 between 09 end W, and sjde 4 between ppand (74. Egcft 
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of these paths consists of reluctances of iron parts of stator, (armature in this cast ), two air 
gaps and iron parts of rotor (field, in this case). Since the permeability of the iron parts 


A 8 C o A 

lilt. 



Fig. 6 73. Developed diagram of machine with twe coils. 

of both stator and rotor is much greater than that of air, it is sufficiently accurate to assume 
that all the jreluctance of the magnetic circuit isrin the two air gaps Thus the nirrif iffhe 
conductors is consumed" by the aTr gapsT" Since 'TTieprarp two air gaps in series in the magne¬ 
tic field produced by each coil side, or half of the mmf of each coil side act- in the air g.»p 
to its left and other half acts in the air gap to its right. 

Let T be the turns per coil and I be the current in each conductor. Therefore the 
mmf produced by each coil is TI, Around any closed of the closed p iths shown the* flux, 
lines in Fig. 6*73, the mmf is TI considering coil side 1. Consider coil side 2. J his coil side 
produces a magnetic field between 00 and OB. Half of the mmf of this coil side i.e , 777? 



Pig. 6-74. Maf distribution due to two coil* 













308 


BLBCT1UCAL MACHINE DEMON 


acts in the air gap to the left of the coil side forcing the flux downwards while the other 
half of the mmf acts in the air gap to the right of the coil side producing a flux acting 
upwards. 

The mmf distribution of the two coils of Fig. 6'72 is shown in Fig. 674. The distri¬ 
bution is steplike with an amplitude of TI/ 2. Since the conductors are assumed to be 
concentrated at points ».e. the slots are assumed to be extremely narrow the mmf wave jumps 
Abruptly by TI i.e. changes from --77/2 to +27/2 in crossing from one coil side to the other 
coil side. 

637. Mmf distribution iss d.c. machines. The armature and the field poles 
of a 2 pole d.c. machine are shown in Fig. 175. The armature has 6 slots per pole. The 
current distribution in the conductors will be as shown in the diagram provided full pitch 
coils are used and the brushes are placed on the interpolar axis. 



Fit. 673. Armature mmf distribution in rd.e. machine with 6 slots per pole. 


It should be noted that the conductors in one half of the slots under each pole produce 
mmf in one direction while the conductors in other half of the slots under each pole produce 
mmf in the othe- direction. The conductors in each slot exert a constant mmf AT, in the 
form of step over a pole pitch extending between the appropriate slot centres with 

. where /•^current in each conductor. 


The conductors in slots <L 5 gn&l-nlong with conductors in slots 7, 8 and 9 produce 
mmf along axis OB (with +ve Jj§ lien |0, II and 12 together with 

conductors in slots 1,2 and 9 pr s 4 a a* ami? along **fcjp4 4*itk~«a sign). 

The eonductm is tint 4 lafnther with conductors in slot 7 form a unit to produce mmf 
•Inng axU 04. Tbt SUtT rf thfe f*it i« a itnp of height AT,-I, which extends from 






armatum windinoi 


sot 


centre of slot € to centre of slot 7. Similarly, conductors in slot 5 and slot 8 form a unit, the 
mmfbeing a step of height ATi—I» E, extending from centre of fioi 5 to centre of slot 8. The 
third unit is formed by conductors in slot 4 and slot 9 with -the step of height AT,~I, E, 
extending from centre of slot 4 to centre of slot 9. 

In a similar manner conductor in dots I and 12, 2 and 11 and 3 and 10 form three 
units. These units produce mmfs which are steps each of height AT,. However, the mmfs 
produced are of opposite sign. The adjacent pole pitches have similar units but their 
mmfs are of opposite sign. 


The resultant armature mmf distribution can be obtained by summing up of mmfs of 
various units. It is clear that the resultant armature mmf is a stepped wave. The peak 
value of the armature mmf is 3 hZ, and acts along the interpolar axis midway between the 
field poles. This stepped mmf wave can be represented approximately by a triangular wave 
as shown in Fig. 675. Now let us take the general case. Let 

/•“total armature current, a“nurober of parallel paths, 

^"■number of armature dots, p—'number of poles, 

total number of Armature conductors, conductors per slot. 

. Peak armature mmf •dl , «“(number of units/pole) I§Z, 


But number of units “ 
Also /«*= 


-LA 

2 f 
/•/« 


and Z,**Z/8. 


-(*) 


••(<>• 76 ) 


e»l» e«n!r« 



Fig. 6*74. FkM mssf Rtaributfea at ao toed aadfall load. 
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Instead of neglecting the slot width and obtaining a stepped wave it may be assumed 
that the armature winding is uniformly distributed in which case the mmf wave becomes 
triangular in shape as shown in Fig. 6'76. This applies to any machine regard* 
less of the number of slots per pole. Both forms are approximations but because of the 
relativi ly large number of coils generally used in d.c. machines, the assumption of uniform 
distribution is usually made and the :riangular waveform is normally used. Thus for all d.c. 
riiacliines the armature mmf approximates to a sym netrical triangular wave with an ampli* 
tude, ATa^(Ula) (Z/2p). 

The axis of tiie armature mmf wave is the interpolar axis so that the armature and field 
nunl are displaced by 90°. Armature reaction thus has a cross magnetization effect. Fig. 6'76 
shows the resulting minf distribution which is obtained by adding the armature and field 
mmfs. 

Further detiils about armature reaction in d.c. machines are discussed in the chapter 
on d.c. machines. 

Example 6-37. The mmf developed by the field coils of a 4 pole d c. generator it 
2000 ampere per pole. Its armatwe is wave connected and hat 43 slots with 12 conductors per 
slot. The ratio of po ': arc to pole pitch is 0'7 and the total armature current is 50 A. Calcu¬ 
late the armature mmf and the resultant mmf at 

(i) the interpolar axis (ii) the pole tips and (tit) the pole centre. 

Also calculate the. fine, density at the two pole tips and the centre of the pole if the length 
of ai, g ;p is 4 mm. Neglect the mmf required for iron parts of magnetic circuit and also 
fringing <ffects. 

Solution. The field mmf distribution is shown in Fig. 6’37 (a). It has a constant 
value of 2000 A over the pole arc and is zero in the interpolar region. 



Interpolar 
axis 




AJUtATUM windings 


ail 


Amplitude armature mmf per pole (/«/o)(2/2p)-(50/2)(516/2 X 4) - 1600 A. 

The armature mmf ia triangular in wave shape with an amplitude of 1GOO A at 
interpolar axis and zero at the pole centre 1 . 

• The* different mmfs at the interpolar axis are : 

Armature mmf— i 600 A, field mmf—0 and therefore resultant mmf* 1600 A. 


('<) Armature mn*f at pole tips— iff* rc x AT* 

r pole pitch 


M)‘7xl600-1120 A. 


Field mmf at pol$ ^ps—2000 A. 


the 


At pole tip A ttie armatdre and field mmf are opposite in sign, therefore, resultant 
mmf at pole tip -4—2000— 1120-880 A. 

At pole tip B, the armature and field mmfs are both of same sign, therefore, resultant 
mmf at pole tip B—2000+1120—3120 A. 


(**»’) The different mmf^t the pole centre are : 

Armature mmf—0, field mmf—2000 A. 

Resultant mmf—2000 A. 

Now, mmf required for the air gap—800,000 B, l,. 

Flux density in the air gap under pole tip A 

resultant mm f at A 880 „„ , 4 

800,000 l, * 806,000 x 0 004 275 v ' b ' ni 

Similarly, 


flux density in the air gap „.ider pole tip B- -—-==0 975 Wb/m* 

ai i~ H 800,000 X 0 004 

«r 

Flux density in the air gap at the pole centre— ooo^o ' ; 66 ' 4 " Wb/m*. 



mmf 


Fig. 6*78. Mmf distribution of a single phase winding. 
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Let 7 »*slots per pole per phase and Zi—conductors per slot, 
and /***rms value of current in each conductor. 

Lot ATm be the amplitude of phase mmf at (“0. 

i47»— maximum conductor current X turns per pole per phase. 

— y/2 It (slots per pole per phase) (conductors per slot/ 2 )— y/2 It q 

The variation of current, in a conductor, with time is, \t m *f/2 It cos at. 

The variation of ATm, with time is ATm cos at. 


at any time t 

is 

(a) 

ATa, 

(b ) 

ATit, 

(c) 

AT it, 

Now 

AT^, ()= 






ATm cos at for 


oo 


an sin nx 


»==() 


—- ATm COS 0>t 

n 


0/2 

0 - 

0 


2x 


where a * 3 


*/* 


*12 

'—* j47%, (, si 


sin nx dx 


0 


sin nx dx +1 sin nx dx 


| sin nx dx J* 


%AT m cos at . na 

■ sin —z-- 


01 cn B 


o/2 


00 


00 


Am KATm COS cot V 1 

or AT { t, i)=- > —5 si 

an Z* »* 


no 

2 


4 ATm cos cot^ 1 sinno/2 . 


n=J3 


sin -r- sin nx«= -- > — X-rr sin nx 

n Z. n no/2 


1 1 

Zt* 

»=o 

• ^ 

But - 77- is equ il to distribution factor Kin for nth harmonic. 

n afi 


AT i)' 


4ATm cos at 


00 

I 

n =0 


Kin 


sin nx 
n 


...(6*78) 


Considering all the three phases, there is a displacement of 2*/S between the phase! 
in space as well as in time. Taking a phase sequence RYB and writing expressions for the 
mmfs of all the three'phases. 

00 


ATi%, i )* 1 


AATm cos at X"* ~ sin nx 


I 


Kin 


ATitlw 


n =»0 

4ATm cos (cut 


4ATm cos (at— 4n/3) 
AT ( t, »,#--;-— 


2n/3 ) ^ ^ sinn(s-2*/3) 

n—0 

n-0 


sin n(g—4n/3) 

n 
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Let the total mmf be <)r at any distance x and any time I. 

The total mmf of all the phases is the summation of the individual nunfs. 

oo 


ATp, t i Y S3 ‘ - ATm\ COS cut 

* 




Ka 


sin nx 


»=*0 

CO 


+ cos( 


*«0 

00 




**=o 

Writing expression for the nth harmonic mmf 




AT{m, T" ATm 1 COS wt 

JK 


{ 


sin nx 
n 


. JfiTsu+cos [ cut 


( 


2« 


f 

^ sin n (x—2*/3 ) 


Kdn 


-f cosi 


sin n(s—4n/3) 


Kdn 


r"x. \ 


i. 

K 


(~ r) 

£ cos o»l sin »x-f cos ^ cot —— j sin i- ^ 
+cos ^ cut— j- j sin x-~~ 

s * n (**+<»0+sin (n*— a»0 

Z« n l 

-+sin j -y-^»+l jj+sin | nx— wt-^n—1 jj 

-fsin | nx+wt—-^p^i» + l jj-fsin | nx—cut— 1 jJJ 

Let us now find out the amplitudes of individual harmonics. 
Fundamental : Putting n—I *+ 

A g ^ 

AT(t, iji“3 . ATm Kdi sin (x—«*)”” ATm Ki t sin (x—cut) 

3rd harmonic : Putting o>*3 AT im , o»“0. 

9th harmonic ; Puling n«5 ,*r' 

ATicc, in*-3 . Kd * ,in (5x+»<)«~ AT m -~*-f in (5x+«|) 

7th harmonic : Putting **»7 ^ 

AT t ., «w-3 • 'j; **i * in (7*-•*)- AT »^ « n (7*~»«) 

The resultant mmf can now be expressed as 

d!T(« t «)i+^7 , (*, i) t +AT(m, »>»4-.dT<«, i> 7 .+d3T<«, 

*JL AT^Xtfs tin (o~o»#)+ ^ sin (5*+»D + y T sin (7x~«*)+... J 


.(6'7y* 


...( 0 - 80 ) 


** 




...(6-81) 


...<6 82) 


.(6*83) 
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The yalurt of rffeittfrtJtioft factor* jlor aphis* spftad ****/3 are 
v, - ■M 8 -1 r. ' rii> 7o/2 -3 

** «3$ TT' ** TJT"T«' **—5^5— ~i%.' 

Substituting these values in Eqn. 6*83, resultant mmf: 

ATp I, t,T**~ATm £-jj- sin (*—o»l)-f - 

-j- sin (5*+«l)--^--y «in (7*-«<)+. J 

Aiy£ sin (n-»l)+^| tin (5o-fo4)—^ sin (7*-«*)+... J 


..(6*84) 


Equation 6 84 represent* a rapidly converging series. The principal term of this 
series is sin (*- u»t) which is a travelling wave i.e. it represents a revolving field. 

At time <«=0 the distribution 
is sinusoidal as shown by curve jf« 
sin t (Fig. 6 79) but at a later instant 
1=1 we have y«iin (*—«l) which is 
sine curve displaced from the former 
by the angle wt. This displacement 
increases uniformly with time l, 
hence the wave moves forward with 
a constant speed travelling two pole 
pitches in a cycle i.e. revolving at 
synchronous speed. 

This term is the fundamental 
component of armature reaction in 
a synchronous machine where it is 
seen to .be advancing step in step 
with the rotor field*- In an induction 
motor mmf waves of the stator and 
rotor currents combine to produce 
the revolving field which is response 
ble for the action of the motor. 



is 


Fig. 6'7A Directions of travel of fundamental 
and 5th harmonic fields. 


The 5th |armonic term _ 
sin (5*+wt)- Hotting this wave at 
1—0 (Fig. 6'79), we recognise it as a 
sinusoidally distributed field with five tim 2S as many pales as the fundamental field. As t 
increases this field is seen to be moving backwards at one fifth the synchronous speed. 

The seventh harannic is represented by the term (7*-«l). It ha* seven times as 
many poles as the fundamental and moves forward with one seventh synchronous speed. 

Thus Eqn. © 84, demonstrates the presence of fundamental field and harmonic fields 
super-imposed, each moving with its own synchronous speed relative to the conductors. 
Summarymg above : 


(») The order of harmonics is 5, 7,11,13 or in general 6H±1 where N is any positive 
integer. All multiples of 3 i.e. triplens are absent. 

(ii) The h armonic fields move at a speed proportional to the reciprocal of their aider 
with or against the fundamental. Those of order 6N+1 move in the same direction as 
fundamental and those of order 6 N— 1 move against it. 

(its) The amplitude of harmonic fields is inversely proportional to die square of their 
carder. Thus amplitude of ath harmonics field is I/a* of the amplitude of fundamental 
field. 
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From Eqn. 6*80, amplitude of fundamental of armature mmfis 

ATa~AT mi = AT m Kd t 


6 v 

" ~ q ' j2 Kdl 


211,s Tpk 
P 


Kiy 


...(6*85) 


as turns pir phase T P k^qpZ,j2 and phase current /****/«. 

When a short pitch double layer winding is usrd, the expression fer armature mmf 
must include the pitch factor K p \. 


ATc=AT ni ~ 2 7 I ^-Tl » KilKpi ^ 2 . 7 I 


...( 686 ) 


6*39. Field circuit equivalent of armature mmf in 3 phase machines. It is 

necessary to estimate the field mmf required to overcome the armature mmf in order to 
design the field windings of a.c. machines. 

The field winding* in the case of synchronous machines is of the "single phase" type 
and caries d.c. excitation. This makes the problem complicated and it is only possible tq 
obtain the field circuit equivalent of "direct axis armature mmf." 

In cylindrical rotor machines the field winding is distributed in slots and givis a 
trapezoidal mmf as shown. It has a constant amplitude as the win ling carries d.c. For 
this case it suffices to equate the fundamental of field and armature rn:nfs. 


For. silent pole machines, the method of equating mmfs is not valid because the 
field coils are concentrated and the length of air gap is not uniform over the pole pitch. 
The armature mmf must be multiplied by a reduction factor in order to find the i equivalent 
field mmf. This reduction factor for the direct axis mmf is 


where 


cc+sin a 


pa®*——7, 

■+ sin at/2 

a*»angle of span of pole arc. 


...(G 87) 


The value pit is normally equal to 0*85. 

Field equivalent of direct axis armature mmf 

21 IdTphKmi p d 

P 


ATad=pdA7.\* 


fp* Tp* Km i pd . | ,„ 

■■2 7 —— -- sin «ji ...(6 88) 

where Id now is the armsture current component causing direct axis armature mmf. 

/#“/** sin <J» *..(6 89) 

and for lagging power factors for generator where cos <j> is the power factor angle 

and 8 is the load angle. 

Example 6 38 Plot to scale ike mmf distribution over armature of a machine having a 
uniformly distributed winding with a phase spread of 60°, (a) when the current in phase R is 
maximum; (6) n/6 later than. (a). Assume sinusoidal current variation and full pitch 
coils. 

Solution. 'The expressi. n (Eqn 6*84) for mmf distribution of a uniformly distributed, 
3 phase winoingnWith 6D° phase spread and full pitch coils and carrying sinusoidally varying 
currents is * ' 

. ^ %ATm £ sin {*—wi)^r *‘ n —jfi sin (7*- ptf) -f... J 
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(a) This expression is based upon the expression foru rrcent in phase R as ‘ 


» = /mCOS at. 

Therefore current in phase R is maximum when 0. 


When <ut=0. 

r . , l . r l . , , 

an ar-f sm 5x -sin 7x -f. 


AT ass -15 ATml 

A1 (x, Or «* 1 

] 

At x~~0. 

AT *=0. 



(x, Or 


At x*w/6, 


sin 5«/6—y, sin 7w/6^j 


"‘ATm. 


At *-»k/2. 

A %, 

sin 5«/2—jy sin 7*/6j 


*=2 ATm. 


Similarly AT 

at 



(r. Or 


is AT m ; i^aisO; *s*7*/d is — AF,» ; x=*3t f> is — 2 AT m ; x^ll/Swis 
—ATm and *«*2* is 0. 

Thus the armature mmf distribution at o»l**0 is a painted curve as shown in 
Fig. 6‘8Q (o). 

When »t**/<. 

AT ^ f j r “=~/ATm£ ;in (»—n/6)+^r sin (5*+«*/6)~ sin (7*~*/6)+... J 

Substituting various values of x in the above expression, we have 
At *«0, AT — AT m 
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At x«*ii /6 AT «*0 ■ 

(*. Or 

The other values of AT are : 

(*, Or 

\/3 ATm at *«=*/2 ; y/3 ATm at ***5n/6 ; ATm at x—it; 0 at *«7*/6; — y/3 AT m at 
«"»3 k/2 ; — V.3 ATm at n**llx /6 ; —ATm at x= 2 is. 

Thus the armature mmf disiiribution is a fiat topped curve at wt =»r/ 6 . This is shown 
in Fig. 6*80 (5). 

Example 6 39. A 1600 rpm 50-Hz, star connected salient pole, 3 pkcue alternator has 
a single-layer stator winding with 300 turns per pkaee and a spread of 60*. If there are 800 
exciting tnms on each pole, calculate the choree infield current neeessaty to maintain the same 
terminal voltage when the output of the machine is varied from z*ro to 60 A at zero power factor 
assuming stator winding to be uniformly distributed. Take the field mmf to be a rectangle 
extending over polar arc, and the ratio pole : pole pitch ^Zf 3. 

1500 

Solution. Synchronous speed of machine *=25 r.p.s. 

Number of poles=*2//n,=2 X 50/25*=4. 

The winding is uniformly distributed and therefore distribution factor for the funda¬ 
mental £4 *=0’955. 


The winding is single layer type and therefore full pi^h coils are used or pitch factor 
for fundamental, K n ~ 1 and winding factor fundamental K *\«*»£/, JSj>i so, 0’955. 

The machine operates at ‘zero 1 power factor lagging and therefore the armature mmf 
acts only on the direct axis and it has no quadrature axis component. 

The power factor is zero and therefor!^^*»90*. The machine delivers no power and 
hence load angle 8**0. Thus 4n“4+***90* and sin +“!]. 


Armature current producing direct axis armature mmf Ie*-Iph sin «j/=50 A. 

Angle of span of pole arc «**2u/3. 

„ , r . «-f*sin a_.2*/3+sin 2*/3 n . oeo 

Reduction factor — To — . ■ ■ ^ —*0 853 

4 sin a/2 4 sin u/3 


Field mmf equivalent to direct armature mmf 

ATu-2'1 r £-Z*K 9l ps sin 4>- 2 7X3 ? X ^ X0*955 X 0*853-8240 A. 
P * 

.*. Field current required to overcome direct axis armature mmf at load 


T f 800 


103 


A. 


Since the armature mmf is zero at no load, the field mmf or the field current required 
to overcome it is also zero. Therefore the change in excitation is 10*3 A. 

Example 640. Find the frequency of harmonic em/s induced in the stator and rotor 
windings by the 6th and 7th harmonic fields of. armature ofai phase synchronous machine 
operating at normal speedmnd carrying balanced surreute in iie ahnature winding. 

l o l n ti on. The fifth harmonic of the armature revolves at l/5th the synchronous speed 
of the fundamental with respect to the stator ami its poles are 5 times thdse of the funda¬ 
mental. Therefore frequency of harmonic emf induced in the stator winding by the 5th 

harmonic field mf x 
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where /l*»fundamental frequency 

—synchronous speed corresponding to fundamental. 

Frequency of harmonic emf induced in the stator winding by the 7th harmonic field 
_ 7pXnti/7 _pn, 1 . 

2 7 =/l ' 

The 5th harmonic field revolves in the opposite direction to that of the rotor. 
Therefore sp’ed of 5th harmonic field with respect to rotor winding 

__ i n»i 6»«i 

* l+ 5 5 

Frequency harmonic emf induce 1 in the winding by the 5th harmonic field 
_ 5j>X6tt, t /5 _6pn>i_ g^ 

The 7th harmonic field revolves in the same direction to that of the rotor. Therefore 
relative speed of rotor and 7th harmonic field— w#i—n* x . 

Frequency of harmonic emf induced in the rotor winding by the 7th harmonic 

~2 X ~Y **1— e- 2“ 6 /»‘ 

EDDY CURRENT LOSSES IN CONDUCTORS 

6 39. Skin Effect. Let us consider an isolated conductor as shown in Fig. 6‘81 (o). Let 
the conductor cro.-s section bo clivid :d into four laminae of equal area and hence of equal 
resistance as shown in Fig. 6 81 (6). The current flowing in these laminae produces its own 
flux. It is clear that lamina i nearest to the centre links with maximum flux and the outer 
most lamina 4 links with minimum flux. Therefore, inductance and hence the reactance of 
all the I iminao is nit equal. The reactance of the inner most lamina 1 is highest and that 
of outermost lamina 4 is the lowest. The reactance of laminae goes on decreasing as we 
pr icecd outwards from centre. 



Fig. 6*81. Sl^in Effect. 

If R is the resistance of one lamina and L its induc|ance, the impedance is (R*+u>*L , ) lli 
The current carried by each lamina is therefore, . 

/-»Ef (I? 1 +where E is the applied voltage. 

At low frequencies the term a>L is small as compared with B and therefore 
(very nearly). Therefore the current distribution is uniform considering that the laminae 
have equal resistance. 
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At high frequencies, uL is considerably larger than R and therefore current l^EjioL 
near y'■ Under these conditions, ther, the difference in inductance between the central 
and outer lanunae becomes very important. The inner laminae carry only a small current, 
on account of their high inductance ard, the current in the conductor is almost entirely 
earned by the outermost lamina at the surface i e. by the outer skin of the conductor as 
shown in Fig. & 81 (c). Hence, this phenomenon is called Skin Effect. Therefore, effective 
cnrs-section of the conductor at high frequencies is ihe area of the outer skin. The reduction 
in the effective area results in increase of rosi-tancc of the conductor. Hence the a.c. resistance 
o the windings is higher than the d.c. resistance, the difference depending upon the cross- 
section of the conductor, and upon the resistivity of material. 

. The skin effect is obviously more predominant in conductors of large cross-section. 
I he increased value of resistance due to skin effect causes additional PR loss. The skin effect 
may be interpreted another way. The current carrying conductor gives rise to eddy currents 
due to its own field. The eddy currents are produced on account of the difference in 
inductance of central portion (whose inductance is high) and the outer portion 
(whose inductance is low). The re ctance of central portion is greater and there¬ 
fore the current flows more readily in the outer portions of the conductor. This 
results in non-uniform current distribution over tin cross section of the conductor, 
thereby, producing non-uniform current density Any departure from uniform current 
density increases the PR loss over its d.c. value since PR loss is prop nional to square of 
current density. The greater self induced emf in the central portions of the conductor due to 
their high* inductance causes circulating currents (eddy current) which, superimposed 
on the main current, cause additional PS loss known as eddy current loss. 

The conductors in rotating machines and transformers however, are riot isolated. 
Fig. 6‘82 shows a conductor placed in a slot of a rotating machine. 


The conductor has been divided into 5 
laminae. The laminae produce leakage flux as 
shown. It is clear from the diagram that lamina 
5 at the bottom of the slot links with maximum 
flux and hence has the highest inductance. The 
flux linking with and hence the inductance of the 
laminae goes on decreasing as we go upwards. 
Therefore, the emf induced in the laminae is highest 
in 5 and lowest in 1. 

This unequal induced emf in the different 
laminae of the same conductor causes eddy currents 
to flow. These eddy currents circulating over the 
cross-section of the conductor cause additional 
PR losses. 



The eddy current losses due to leakage flux are not 
only produced in the conductors but also in adjacent 
machine parts. For emmple the core clamping plates 

which are made of ferro-magnetic material JPig. 6*82. Leaky field of a conductor 
put in rotating machines to bind the core ptaeedin a slot, 

intensify the leakage flux This increased magnetic leakage flux in luces an emf in than 
thereby causing eddy currents to flow and causa additional P£ loss. The tanks of transformers 
made of ferro-magnetic materials also increase^ the leakage flux and therefore produce 
additional PE loss. The practice of using aluminium tanks has been started only with a view 
that atomi ium being a non-ferro-magnetic material does not intensify the leakage field and 
therefore reduces the additional PE losses. 
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6 40. Eddy current loss. The mutual or useful flit in rotsting machines and trans 
formers induces emf in the windings. This induced emf is responsible for the transfer or con¬ 
version of energy. The leakage or non useful flux also induces emf. The induced emf creates a 
disturbance in the current distribution over the windings thereby causing additional PR loss 
in the windings. The additional PR loss in conductors caused t»y emfs produc d by leakage «. 
flux is called Eddy curreat loss, 

6 401. Eddy cnrrrnt loss la a siagle conductor placed ia a slat. Fig. 6'82. (a) 
shows a single solid conductor having a height k and a width 6 in a slot of width W$. A 
current flowing in the conductor sets up an mmf. Assuming a uniform current distribution 
over the whole cross-section of the conductor, the value of mmf at a height x from the bottom 



(«) <*) (e) (d> 

Fig. 6*12. Eddy currant in single conductor ia a slot. 

of conductor, proJuced by current I flowing through the conductor, ATa**I x/k. 

As we go up from the bottom of the conductor a varies from 0 to A and the mmf varies 
accordingly. Fig 6 82 ( b) shows the mmf' at various heights. This mmf produces a flux 
passing across the slot. It is assumed that iron is infinitely permeable and the lines of force 
pass horizontally straight across the slot. 

Flux at a distance * in a strip of width ix 

mmf „ Ix/k .La , 

"^reluctance Wa{p % LtAm ^ W$ * * 

Total flux from height 0 to height * is 

*■“ W ST. * T 

0 

Total flux across the slot from height 0 to height k is 

••“W »vr* •fsr 

o 

An element of conductor at a height ssis linked by a flux which is between height* and 
height K or the element ix at a height * from bottom is linked by flux 

*•-**“»’rki'-r} 

'ir 

Considering the instant when the current is maximum, l is replaced by its maximum 
value Im. 
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* • Pcsik v&ltu? of cmf of .self*] mine? ion in this rlouion( 

.,.(6*90) 

This cmf is in quadrature with the current as it is on account of self induction. 

From Eqn. 6 90 it is clear th.n the induced emf is maximum at the bottom and is zero at 
the top. The average value of induced emf over the conductor is obtained by averaging 
Ex(max) over the height h. 766 


Thus 


n 

E m am{ average)*** y ax ) dx 




dx 


= *1*0 f In 


L*_ 

W , 


2 h 
3 


-..(6*91) 


Comparing Eqns. 6*90 and 6 91 the height at 
equating 



which the average emf occurs can be found by 


*=* 


^Y? «=0’58 ft. 


This height is a little above the middle of the conductor. Below this height the emf increases 
and abave this height the emf decreases. Thus circulating currents flow owing to difference 
in the erafs. At *«=*0'58 A there will not be any circulating current, but above it a circulating 
current will flow returning in the part of conductor below it. 


The difference of emf at any height r and average emf causes the flow of current. 
This difference in emf is 


E m«* (d iffjrence > - 




x*_2A \ 
A 3 ) 


The resistance R, of the element dx at a height x is R—pLjb dx 


Hence the maximum value of eddy current 

Ena*(diffirene*) _ ^ * TP* 

la “ R* " p L.jb dx 





The eddy current t* summed over 0 to 0*58 A and 0*53 A to A gives two equal and 
opposite values of current. 

Tne miin armiture cu-rent in ths strip is I m dx/h. 

Therefore, for any strip 


Eddy current PR loss 

f KHoflm b (h a:*^ 
_ .1 pW. • V 3 hi 

)dx 1 

Main current PR loss 

(. In dxjh ■ 

J 





P* Wt* \, 3 * ) 



1 ' ' • \ , v • . « ' 

This expression int -gratei an-* averaged over height & gives the ratio of total eddy 
current PR loss to the main current PR lot?. 
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h 

. Eddy current I*R los8 _ 1 nV e Y B A* [/ A* « \* 

“ Main current /*fi loss 4 J\ 3 / 


4 it*nfPb* 
45* p*JF.* 


.A 4 



where 



Eddy lots ratio is defined as 

K, 


_ total PR Ion _ 

PR loss due to main current 


...(692) 

...<6'93) 


PR lft as due to main current-f PR low due to eddy current . 4 . , 4 

" PR loss due to main current "* + 45 * , 

• ■;(C‘94) 

At 6l)°Cl, p»2X 10 _# Q m for copper and 4’5X 10~* Q m for aluminium. If /= 50 Hz 

a-lOOV b/W» for copper 
■■150 ^b/W§ for aluminium. 


Taking an example of a slot 4 mm wide containing a solid copper conductor 4 mm wide 

a-100(4/5) , « and « 4 -(100) 4 X 16/25. 

Eddy loss ratio 

JT«* 1 +~- (<*A) 4 ~1 +^ (100) 4 A 4 =l +0*0568 (100) 4 A 4 . 


ForA**lmm, Jt««=r056I 

A=2 mm, -K*»r91 

A=»30 mm, 1T*»=5'6. 

The above calculations show that if the height is above 30 mm, the losses are nearly 6 
times as great as those calculated from main current and the d.c. resistance of the winding. 
Such an excessive PR loss cannot be tolerated* and the conductor depth has to be reduced. 
In practice it is unusual to keep &A>0'7 for a single solid conductor. 

fi'40‘2. Eddy current loss in subdivided (laminated) conductors placed in 

•lota. The production of excessive eddy currents can be avoided by properly sectionalizing 
or subdividing the conductor in the slot. These subdivisions are insulated from each other 
and thus the eddy currents of one cannot travel to the other. 




Eddy current 



Fi«. 6*33. Eddy current loss in subdivided conductors. 


Let the conductor be divided into IT layers, each of height A' (Fig. 6 83). Total height 
of all the layers, A**JVA' if the thickness of insulation between layers is neglected, 



UL MATURE WINDING? 


S2S 


Let l and I* be rm: and the raiximum values respectively of armature current flowing 
through all the N layers. 

Fl at in a strip »f height dx at a distance x from bottom 

I xfh 


d<t>. 


fVi ft,Ldx 


"•’w. f ir 


X 

Total flux from height 0 to height *, 0»*= f p« / ~ £r- 

J Iti h W$ Ih 

0 

Total flux acro$3 the slot from height 0 to height h 

x 

a f w L x j .L A 

*• l * 1 W.T ix -'* 1 W.T 

* 0 

A strip at a height x is linked by a flux in the height a: to height A. This flux is equal 
to where 

A( *4) 

Considering the instant when the current is maximum, 

($«—p§ Im gjpr ^ A— 

The maximum induced emf in the strip E,(ma*i—2nf (0 4 —Oi) m « 

=*,//. -{*(»-!£-) •••(«•»» 

Average emf in the first Wyor is obtained by averaging /?*<m») from height 0 to 
height A'. 

A' 

Average emf in 1st li/jr, | h-j^-^dx. 

0 

In a similar manner the average emf in 2nd layer 

Hi 




iJtjrl 

m\^ lm w{ h ~T ) dx 


and the average emf in pth layer 


En * [*%>/ A* A-d* 

h(p—l)IN 

i . >. jvm> **,> . wp-nn 

A/AT Mo ^ 7 " 3A T * N p )+ 2AT* J 




...(6 96) 
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when 


Comparing Eqn. 6'95 and 6'96 th< average value of emf in the pth layer occurs 




3 N* N* p(p **' 

The difference of the average emf and the emf at any height x causing the flow of 
current is given by : 

i«(W(<f<//er«ie«) ! “ T *Po/ -f« "*^ + 3jy* 0 J 

The resistance of the strip dx at a height x, Rm a pLi/b dar. 

Hence, eddy current 

_ / ^,{ 3 -|r tl 4 3p(y - 1 )l-y } 

** pUJbdx 

|3^[l+3p(p-l)]--y}da:. 

I’he ratio of I % R loss due to eddy currents to that due to main current in the strip 


_ J ipQ fpW u ‘air* ( 1+3p p Q k } da: ] 


(/« dxjhf 


K W h Jw, ^ ( 1 +*<*“ I))—}* 

/ fb A* \*ri+3p(p-l) 

\ n/t ° pw,'y*) L 


h* J 


pWt N* 

This expression when integrated over height of one layer gives the rati.! < f loss in a 
layer due to eddy.cui rents to that due to mam euro rn. 

f* mt. ,0 /'h In^s iupth layer 
Iv’i i 4 current PR loss in pth layer 
ph\N 

1 -f 3pjp ~\) 

S 

(p-l)h'N 


ir 

ph 

‘I 

(P~ 1 )*' 


h* J 


dr 






total PR loss in pth layer 


PR loss due to main current in pth layer 


= l+(ttV) 4 j^~-4 


p(p~\y 


<1 

If h' is less than 07, the effect of — is negligible. 


• t 


JC,,-l+(«» 




•(6‘97) 


(6*98) 
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The average loss ratio for N layers is 

N* 

1 +(*V) 4 -jjp(with sufficient accuracy) ...(6’99) 

6 40 - 3. Critical Depth, The PR loss due to eddy currents increases if the depth is 
increased while the PR loss due to main current is reduced with increase in depth. Hence 
for a given value of (t there will be a critical depth for which the total losses are minimum. 
Total PR loss 

=[! -\rK(cih , ) i ] (PR loss due to main current) 

4 

where X——- a single conductor, 

=£i£_LL f or jpth layer, 

N* 

=— for N layers. 


PR loss due to main current are proportional to 1 //*'. 

Total loss a (1 r K a*h‘ l ) J * Jj— + AW 3 J- 

This is minimum when j=0 or when h !• 

Critical depth Ae'=“— 

For critical depth h '—' 

Eddy loss ratio for critical depth JT« ( a*)—1 -f-Aa 4 . ^,, xj jf* 5 * f'33. 
Therefore the eddy loss ratio with critical depth is always 1'33. 


«( 3 A )^ 4 


...(6100) 


6 41. Reduction of eddy currents in conductors in rotsting machines. When 
the current carried by a conductor is large, it necessitates a large conductor cross-section. If 
a single solid conductor is used there would be considerable eddy current loss which is a source 
of inefficiency and heat. It then becomes essential to subdivide »,e. laminate the conductor 
into strips which should be sufficiently shallow in order to keep the loss factor as near unity 
as possible. The relationships derived above are valid only when the subdivisions are con¬ 
nected in parallel in such a manner as not to permit a path for eddy currents between sub¬ 
divisions. A parallel connection between the subdivisions is necessary and therefore the 
subdivided conductors should be connected in parallel only when a complete balance between 
the subdivisions has been secured This may bi obtained by twisting or transposing the 
conductors. 


1. Transposed slot conductors. Let us consider a conductor subdivided into 
two parts. If the two subdivisions are placed 
in the slots as shown in Fig. 6*84 (a), they 
link with different values of flux. Ihere- 
fore such an arrangement does not give any 
benefit because the two subdivisions have 
unequal, erofs induced in them and since 
they are connected parallel eddy current 

flow in the local circuit formed by them „ 

(subdivisions). Now consider tbe crossed conductor arrangement of Fig. 6'84 (6). Here the 
two parallel circuits are identical and therefore have equal ends induced in them* Thi* 



i— fr-4— y -4 


FiffW Principle of tnupoitLc. 
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arrangemei - knowr as transposition, eliminates eddy circulating currents from one sub* 
division to another. 

Slot conductors hav t 'ti»t ir layers twisted and transposed in the slots so that every 
subdivision occupies all posuhie layer pos'tions for the same length of slots. This gives 
symmetrical lengths for every ,ub<'ivis>on and thus equalizes the eddy cmfs in all the subdivi¬ 
sions. Therefore, ihe layers can be connected in parallel without producing eddy circulating 
currents. In long core turbo alternators the twisting may he carried out thret to four times 
in a single slot. Fig. 6*85 shows the various methods of giving twists to corn uctors placed 
in slots. 



Fig. 6*85. Trsi.spi sition of slot conductors. 

2, Transpond ottrieng. 1 l.e n d connections slculd aho be twisted in such a 
manner that the layers occupy all possible positions in the overhang. This equalizes the 
eddy cmfs in the overhang. This transposition is automatically obtained in diamend type 
of coils, as the two toil sides of a coil occupy top and bottom positions. This may be suffi¬ 
cient for small and medium s»z«? machines. But for very Ivge sizi michine;, overhang 
transposition has also to bj done to minimize the eddy losses. 


( 41, Eddy current losses In transformer conductors and th dr reductlo n. 


Each coil of axial length Le can be considered to be located in a slot of 
width Bm, the height of window. Comparing Fig. 6 86 for a trans¬ 
former with that of a conductor in a slot as shown in Fig. 6 82 (o). 

<x*«100 for copper 

*=150 (Lt/Hw) 1 ' 1 for aluminium. 

Eddy loss ratio, for a single conductor 

K,*=l+^-(«6) 4 ...(6101) 

Eddy loss ratio for N layers 



Fig. 6*86. Transformer 
winding. 


■ 1+(aft)* 


...(6102) 


From Gqn. 6*102* it is clear that the eddy current loss in conductors is proportional to 
b*B* where 6 is the radial width of each conductor and N is the total number of radial 
conductors and therefore radial subdivisions of the conductor reduces eddy current km. 
These Conductor subdivisions must be continuously transposed in order to equalise their cmfs 
mad thus elisbiaate the possibility of circulating currents. The subdivisions are insulated with 
a thin film of zvnthetic enamel. 
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In transformers using aluminium foil coils, the low 
voltage winding is a spiral of full usable height of the window. 
Fig. 6*d7 slows the current deadly distribution for the in- 
phase and quadrature components of current of low voltage 
winding, it is seen that the current density is much higher 
at the ends. However, the loss factor in foil wiu lings rarely 
exceeds 11. 


Example 6 41. A flat, 20 mm i bide, has five layer $ of solid copjier conductors each 
14 mm wide and 8 mm deep. Determine the eddy current loes ratio for each layer and the 
average loss ratio in five layers taken together. Find also the critical depth for minimum loss 
ami the loss ratio for this depth. The frequency is 50 Uz. 

Solution For copper conductors at 50 Hz. 

<*-100 (6/IF.) 1 '* 
a-100 (14/20)*/*—83*6 
oJi‘=83*6 X 0*8 Xl0-*-0 669, (aA') 4 «0*2 



" r *" Inphase Quadrotur 

Fig. 6 87. Current density distri 
bution of foil type transformer 
windings. 


Eddy loss factor for different layers from Eqn. 6*98 is : 

Ui 1 iycr if.,— 1 2nd layer /f« a —1 +0 2 2(2—1)/3 —1 13. 

3rd layer if, 3 -I -+-0*2 <3 —1 )/3== 1 *4. 4th layer A'. 4 -l +0*2 4(4- 1 )/3-l*8. 

5th layer A.,-1+0 2 5(5 — 1 )/3—2*33. 

Average eddy current loss factor for all the five layers, 

if.1 + (ah)* JP/9- I +0*2 (5)*/9-1 *55. 

1 N * 25 

From Eqn. 6*100, critical depth A/— where 

*•- 83 613 y'; 5 /9>' ?‘ ma ‘ 7mm - 
(«A/)—8 >6X0*7 X 10“*—0*585 and (aA.') 4 -0117, 

.*. Average loss ratio with 5 layers 1 +0* 117 X (5)79®* 1 "33- 

Example 6*42. Calculate the eddy current loss ratio in eocA layer and average loes 
ratio for the slot portion of copper conductors for tike case shown 
in Fig. 6 88. All dimensions are in mm. Also calculate the over¬ 
all average loss ratio if 40 per sstnt of a turn lies in tike slot and 
eddy currents in the overhang are negligible. What is the value of 
effective a.o. resistance ? Frequency As 60 Hz. 

Solution. 

Slot portion. For copper conductors at 50 Hz. 

a - WblW- 100(l&/20) , / , -89-4. 

■ («A')—89*4 X 8 X 10“*—0’ 715, («A') 4 -Q‘26. A 

From Eqn. 6*97, the eddy current Ion ratio for pth layer 
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Therefore, 


A n =l+0 26 | 

f±\ 

<45 ) 

-1 + 0023 

= 1*023 

K n ™ 1+0*26 \ 

(**D 

1=1+0*023+0*173 

=1*196 

JT«a-» 1+0 26 | 

{& +2 ) 

|=l+2*023+0‘52 

=1*543 

K. 4 "* 1+0 26 | 

(^+ 4 ) 

|=1 +0 023 + 1 04 

=2 063 



Total 

=5*825 


5-025 

Average loss factor for four layers £«<«*)=—1 *45. 


Overhang portion. 1 he eddy current loss in the overharg is negligible and there- 
foie the eddy current loss factor for the overhang is unity 

Total Conductor Length. Thus the over,ill eddy current loss factor for both slot 
and overhang portions of conductor 

~i ;45x0-4 + lx0 -6 

0 4 + 0-6 

As the average overall loss factor is 1'18, the effectiv; value of a.c. resistance 1*18 
times d.c. resistance oi the winding, 

Example *?»./ th- :ddy /nr-mi />** factor fm 

doctor arranging •<( th nj un alternator shown ■» f 
All dimension* «»< m min. Find th eddy cun it loss uitic 
layer and also the average loss factor. 

Solution. For copper (inductors at 50 II--, 

a =■• 1(10(5/#%)' ■' - WK)(.4/20)w*»-83-6 

Layer 1 : 

ah' - 83-6x8X1 i *=0 669 

t>r (aV) 4 =02 

K<n~ \ -\ 0 2 (4/45) =-1 0178 
Layei r> 2 and 3 ; 

Thes* .to treated .is layers p<*-3 andof a slot 
ing unifortr. vy. - H 4 rvic. height. 



Fig. 6 89 


aA’«=83'6x4X 10“*—-(-‘’334 or («/<']*--1- (125. 


1- t our iiip 0 ‘c , 


K, t -~ ■ -r «, I 4-0 ()i 25®*— 1125 

3 3 


A’*,- ! 1 o-o 1 25 


.,,4(4-!) 


= 105 


Layers 4, 5, 6 and 7 ; 


These layers are treated as layers p=9 to js*=12 of h slot containing uniform layers of 

2 mm height. 


«A'«83-7X2X10-*»0T67 


or (»A) 4 *=0‘00078, 
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Therefore JE„-1 +0*00078 1 0187 - 

£•#*= 1+0*00078 IQ( l °-~ 11 ^1-0234 

<3 

if.,-1+0*00078 - 1 ' 11 3 ~' ~ —1 0286 
JT*7—1 + 0*00078 12 (l2 s ~ i ) -1 0343. 

The average low ratio will depend on the areas over which the individual ratios 

obtain, 

Area of layer 1 —4 X area of each of layers 4, 5, 6, 7. 

Areas of layers 2 & 3—2 X area of each of layi rs 4, 5, 6, 7. 

JC._- 4K ‘ 1 +22f«.+2A r , 1 + K u +K. t +K et +K t1 

4x1 017+2x1-025+2x1 05 +(10 187+10234+10286+ 10.143) __ 

—----12-— 1027. 


UNSOLVED PROBLEMS 

1. A 4 pale, 64 slot simplex lap wound d.c. armature has 64 slots and 1152 conductors. The number 
of commutator segments is 192. Determine the number of oil sides per slot, number of turns per coil and 
the winding pitche . Draw up the winding table, rind whether the winding is symmetrical or not. 

[Ana. n=» 6 ; 7*,—3 ; y»=97; y/-95 ; y,«H-1. Symmetrical] 

2. A 4 pole armature has 103 commutator segments and 35 slots. Arrange a 2 circuit, wave con¬ 
nected winding for 00 V at 1000 rpm, with a flux of 7mWb. 

[Ans. 103 active coils, 2 dummy coils; 10 turns per coilj 

3. Work out an arrangement for equalizer connections for a 8 pole d.c. machine having 240 coils. 

The number of equalizer rings is 10. [An. Y„ =-60 coils ; coils] 

4. A6poledup'ex lap wound armature has 36 single turn coils. Find the winding pitches and 
indicate the de;ree of re-entrancy of the winding. Draw up the winding table. 

[Am. 13, .v/=9, y f —+2 ; doubly re-entrant] 

5. ind possible windings for a 4 pole, 2 circuit armature. The number of conductors in series must 

not be greater «t»»n 400 nor lesa than 360 ; the number of slots is to be between 40 and 43 and the number of 
commutator segments within 126±4. [Am. (a) C=123, y«=6l or 62, «=6, 5=41 

(6) C=129, y e «64or 65,«=6,5=43] 

6. An 8 pole d.c. machine with a duplex wave winding requires about 720 conductors. Using single 
turn coils, find the nearest number of commutator segments and a suitable number of slots that can be used 
to give a symmetrical winding with (a) 2 coil sides per dot (6) 6 coil aides per slot. 

[Am. (a) C-S-338 or 362 

(6) C-354, 5=118 or C=366,5=122] 


7. A3 phase 16 pole synchronous machine is to be provided with a 3 phase single layer winding. 

Find the possible number of parallel circuits per phase. [Am. 1,2,4, 8] 

8. Work out the arrangement of a two layer winding for a 3 phase. 10 pole machine with 108 slots. 

’ [Aas. Unit=5 poles and 18 slois ; 2 groups of 3 coils each and 

3 groups of 4 coils each for every phase. Sequence of po'e 
phase groups : 4, 4, 3, 4, 3, *, 4,3,4, 3,4,4, 3,4, 3] 


9 A 12 oole generator has 6 armtture circuits. 177 slots and 331 commutator sectors. Calculate (a) the 
lor Bitch (A) winding pitches, (c) Statewhether the winding Is syrnn etneal. (d) Also And he tappings 


commutator pitch (A) winding pitches . 
fat a S phase volts e. Avoid use of split winding. 

[Am. (a)y,=8t (*)y» 


-91, »«85 (e) Ves (d) r.,-177, r*=59] 
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10. A wave winding for the rotor of an 8 pole induction motor has 45 coils and 2 coil sides per slot. 
Work out the openings for connection to 3 slip rings. An mt.-r nl sur c 11 u\u i is required and the phase 
spread should be 60°. [Ans. Joints to be opened : 1, 33, 31,18, 16,3 

Phases : Coil sides : 1,61, 31 
Star points: Coil sides: 6$, 35, 5 
Connectors; Coil sides: 80—24, 56—20, 50—34] 

11. A simplex wave wound armature has 4 poles, 135 coils and 6 coil sides per slot. Find (a) tap¬ 
pings off a closed winding for 3 phases (6) openings for a symmetrical 3 phase winding with a 60” phase spread. 

[Ana. («) Joints: phase it— 1. -Phase Y —46, Phase B —91. 

(6) S’*—coil side 1=1 in slot 1; Fr— coil side 203=5 in slot 34 
Sy —coil side 91=1 in slot 16 ; Fy— coil side=23=5 in slot 4 
Sr— coil side 181=1 in slot 13 ; Fr— coil slide 113=5 in slot 19 

Connect 6 in slot 34 to 4 in slot 23, 

6 in slot 4 to 4 in slot 38 
6 in slot 19 to 4 In slot 8] See Fig. 6. 

12. The phase voltage of a 3 pha« synchronous generator is expressed as (2000 si a «/+100 sin 3w/+30 
sin 5w() volt. Deduce an expression for line voltage when the phases are connected in star and for the circu¬ 
lating current when they are connected in delta. Calculate also the r.ns values of line voltage and circulating 
current. The leakage reactance per phase at fundamental frequency is 2A. Neglect resistance of winding. 

[Ans. (3460 sin uf-t-Si sin 5o»f) volt ; 16 66 sin 3«t ampere ; 2440 5 volt; 11.75 A] 

13. The air gap flux distribution of an alternator contains 5th and 7th harmonics whose magnitudes 

are respectively 10 per cent and 5 percent of the fundamental. Find the corresponding percentages of 
harmonics in the terminal voltage. The machine has 105 stator slots, 14 poles and a 3 phase double layer 
winding with a coil span of 6 slots. [Ans. 0 65 percent of 7th harmon.c] 

14. The stator winding of a 3 phase, 4 pole induction motor has 36 slots and has a phase spread of 

60°. Find the order"of slot harmonics produced. Prove that the slot harmonics have the same distribution 
(actor as the fundamental. [Ans. 17th, 19th, 35th, 37th] 

15. A slot 50 ram wide is to have 5 equal layers of single solid conductors each 35 mm wide. What 

depth of conductor would give the minimum loss. [Ans. 8 mm] 


! 



Transformers 


7'1. Introduction. A transformer is essentially a static thctromagnctic device 
consisting of two or more windings which link with a common magnetic field. One of 
these windings, the primary, i, connteted to an alt* mating voltage source, an alternating 
flux is produced whose amplitude depends on the primary voltage and number of turns. 

The primary induced voltage is A’j>**44’4 / 4>m If 
where/= frequency, mutual flux and TV*number of turns in the primary winding 

This flux linking with the secondary winding induces in it a voltage whose value 
depends on the amplitude of flux and the number of secondaiy winding turns. The induced 
voltage is the secondary winding is JE**4'44/$* T» where T.—number of turns of 
secondary winding. Ratio of voltages is EtlEp°*T,fTp. Therefore, any desired value of secon¬ 
dary voltage can be attained by using a suitable number of turns. 

It must be understood that a transformer is not an energy conversion device but a 
device that transforms electrical energy from one or more primary a.c. circuits to one or 
more secondary a.c. circuits with changed values of voltage and current. 

The main reason for extensive use of a.c. power systems is on account of transformers. 
This is because the transformers allow the power to be generated at the most economical 
generator voltage, power transfer at the most economical transmission voltage,, and power 
utilization at the most suitable voltage required for different applications. 

Presently, most of the electric power for industrial and utility purposes, is generated 
by large hydroelectric plants and steam power stations in the form of three phase a.c. at a 
frequency of 50 Hz. The voltages of the generators installed at the power plants is 
usually 6*6 kV or 11 kV. To transmit the power over long distances the voltage of the 
generators has to be increased depending upon quantum of power and the distance in 
order to reduce transmission losses and to effect economy. On the other hand, the voltage 
is decreased by the distribution substations to 3*3 kV, 6*6 iV sad 11 kV in rural, urban 
and industrial area?. Ultimately, the voltage used in industrial and domestic premises has 
to be dropped to 433 .V or 230 V. The raising and lowering of-a*. mpp% voltages is accom* 
polished by Fewer transformers. Therefore, as regards tins ap p licati on, the transformers 
may be classified an 

(») fling np transformers—transformers which raise the voltage, and 

'it} Step-down transformers —transformer! which lower the voltage. 

However, basically each transformer may be uied as both a step-up and a step-down 
transformer because it is a reversible dedice. 

The power tranformers have a remarkably high efficiency ranging from 95 to 99*5 
percent, depending upon the power rating. The greater the power rating of the transformer, 
the higher the efficiency. 
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7 2. Care aid Shell type Transformers. The transformer is basically a very 
simple device. It consists of windings wound on a laminated magnetic core and insulated 
from iron and from each other. The core is actually a magnetic circuit which serves as a 
path for the mutual flux. Therefore, the windings encircle the core and the core encircles 
the windings. There are two general types of c instructions employed’ to achieve this in 
transformer*. Consequently, depending upon the type of construction used, the transformers 
are classified into two cuegories as : (») core type, and (ti) shell type. 

Core type transformers. The magnetic core is built of laminations to form a 
rectangular frame and the windings are arranged concentrically with each other around the' 
legs or limbs of the core as shown in Fig. 71(a). 

The t >p in 1 bitlo n members, called the yokes, connect the two limbs and have a 
cross-sectional area equal to or greater than that of the limbs. 


Core 


(a) Core t>pe (ft) Shell type 

Fig. 71. Single phase transformer connection. 

A single phase trmiformer my be dedgned with primary win ling wound on one 
limb and secondary winding on the other limb. This arrangement results in a large separa¬ 
tion between the primary the secondary windings and hence a large leakage reactance. 
In actual practice, each limb carries one half of the primary winding and one half of the 
secondary winding .o that the two windings can be closely coupled together to keep the 
leakage reactance low. 

The low voltage (I.v.) winding is wound on the inside nearer to the core while the 
high voltage (h.v.) witfdrft'g is wound over the Lv. winding away from core in order to reduce 
the amount of insulating rhaterihls required. 

Shell type transformers. In shell type transformers the windings are put around 
the central limb and the flux path is completed through two side limbs as shown in Fig. 7*1 
(6). The central limb carries total mutual flux while the side limbs forming a part of a 
parallel magnetic circuit carry half the total flux. Consequently, the cross-sectional area (and 
hence width) oi the central limb is twice that of each of the side limbs. 

Both high voltage (h.v.) and low voltage (l.v.) windings are divided into a number 
of coils. The h.v, and l.v. coils are shaped like .pancakes and are arranged longitudinally 
along the core alternately. This gives rise to a winding with h.v. coils sand¬ 

wiched between l.v. coils. 

, * n l * ie Qore type the iUftprejjipUW thaj. the windings surround the core, where¬ 

as with the shell type that the cores surround the windings. 
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Comparison of core and shell types of transformers 

1. Construction. Core type transformers arc much simpler in design and petmit 
easier assembly and insulation of windings. Also, the core t)pe of transformers are easier 
to dismantle for repair work. 

2. The force produced between current carrying windings is proportional to the 
product of the currents carried by them. These currents tend to be very large under fault 
conditions. Consequentlyvery large electromagnetic forces lire prodr.eed when the secondary 
winding is short circuited with the primary winding energized. Since, the windings carry 
currents in opposite direction, there exists a force of repulsion between them. Ilence, 
the inner winding experiences a compressive force crushing it on to the core ; the oqter 
winding experiences a tensile force pulling it away as shown in Fig. 7 2 . 



winding 

Fig. 7-2. Electromagnetic forces on transformer windings. 

In modern power networks, the reliability of transformer operation is very important 
and therefore the design of the transformers should be such that the windings suffer no 
damage when short circuited. It is amply clear from Fig. 71 that windings in a shell 
type transformer have greater capability of withstanding forces produce I under short circuit 
conditions as these windings are surrounded and thus braced (or supported) by the core 
over a large, portion of length. On the other hand, the windings in core type construe;ion 
have a poorer mechanical strength, because they (the windings) are not braced or supported. 
Therefore, the windings in core type transformers are more susceptible to damage under 
short circuit conditions, than the windings of a shell type transformer. 

(iit) Leakage Reactance. Due to large space required between the high and low 
voltage windings, it is not easily possible to subdivide the windings to a great extent in the 
case of core type transformers, while, in t! e shell type, the windings can be easily sub¬ 
divided by using sandwich coils. Thus it is porsible to reduce the leakage reactance of shell 
type transformers to any desired value. 

(it>) Repair*. The findings of a core type transformer are completely accessible 
except for a small portion in the window. This is of a great advantage in repair work 
because the coils can be easily inspected. Also, the core type transformer is easy to dismantle 
for repairs. 

In the case of shell type transformers, the coils are sunounded by core for a large 
length and therefore there is great difficulty in inspection and repair of coils. 

(t>) Cooling. In the case of core tvpe transformer, the windings surround the core. 
The windings are exposed and therefore the cooling is better in windings than in core. 
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In the cue of sh ill typi transformers, the core is exposed and therefore cooling is 
better in c >re than in windings. 

The most vulnerable part of a transformer is the insulation of windings. Therefore, 
core type of construction is universally followed because it affords better heat dissipation 
facilities from a part which is most prone to damage on account of heat developed. 

7/3. Shagle and three phase transformers 

Single phase transformers. The cross-sectional view of the windings and core 
of a 1-phase core type transformer is shown in Fig. 7*3(o). Single phase core type trans- 



(«) Ctwe type. 


Side 

limb 



Side 

limb 


(*) Shell type. 

Pig-7*3. Siagls phase core sad shell type transformers. 

formers use two legged iron frame with one half of the primary winding and one half of die 
secondary winding wound on each leg. The low voltage (l.v.) and high voltage (h.v.) windings 
are etm&ntric with each other With l.v, winding placed on the inner side nearer to the core. 


Fi«f 7*3(1) shows (he cross-sectional view of a single phase shell type transformer. 
The low v oltage (l.v.) and the high voltage (h.v.) coils are sandwiched between each other.. 

Three phage transformers. The generation, transmission and power utilization 
of a.c. electric energy almost invariably involves the use of three phase net works. The 
voltage transformation in a 3 phgte network can be obtained by using : 

(0 three single phase transfotipMs conn^ctsd to form a 3-phase bank, 

(tf) a PfdMmJWMsMMr. 
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A transformer bank used on 3 pha:e systems consists of three independent 
1 -phase transformers with their primary and secondary windings connected either in star or 
in delta. 


The 3-phase transformation is also possible through the medium of one 3-phase 
transformer having a magnetic circuit c< iramon to all the three phases, A three phase 
magnetic circuit for transformation of three phase voltages may be obtained by combining 
three individual single phase core or shell type magnetic circuits into a common magnetic 
circuit with suitable changes in the configuration. 

Fig. 7‘4(o) shows a 3 phase core type of ttansfermer. The core consists of three 
legs with the magnetic circuit completed through two yorks, one at the top and the other at 
the bottom. A primary and a secondary windit g of one phase are wound on one leg. Flux 
flows up eacITTeg in turn and down the other two legs in general, so that the magnetic 
circuits of different phases are in series ai d therefore independent. Fig. 7'4(6) shows the 
instant where the flux in the leg cnirying the winding of phase R is positive (upwards) 



maximum while the flux in the other two legs 
carrying windings phases Y and B is half of the 
negative (downwards) maximum. It should be 
noted that the transformer has only two windows. 
Each of twj windows contains two primary and 
two secondary windings. 

Fig. 7 5 shows the less commonly used 3- 
phase shell typa transformer whose construction 
appears like three l-phase shell-type cores built on 
top of one another. 

The windings of the middle core, phase Y, 
are reversed so that the parts of the core 
carry flux 4>*/24 ®r/2 or Oy/ 24-®*/2 instead of 
flux Ox/2—®y/2 or ®r/2— Qb/2 in order to affect 
economy in core cross-section since ®*/ 24 -®r /2 is 
smaller than ®x/2—<I>r/2 and also $y/2—-<D*/2 
<Or/*+Oji/2. 
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Fig. 7 5. Three phase shell type transformers. 

The reversal in the flux in the central limb is brought about/by reversing the 
windings wound on the central limb so that the flux carried corresponds to the phasor sum 
of <&a/2 and 4>r/2 (or and $*/2) instead of their difference. This is illustrated by the 
phasor diagram of Fig. 75. It should be noted that (0*/2-|-<&y/2)<{®*/2—4>r/2) 

In the case of 3 phase shell type of transformers the phase magnetic circuits are in 
parallel and therefore, independent, if saturation effects in the common paths are neglected. 

The advantages of a 3-phase transformer over a bank of three 1-phase transformers 

are : 

(i) A 3*phase transformer is lighter, occupies lesser space, cheaper and more efficient 
than a bank of ! -phase transformers. The reasons for lower cost of 3-phase transformers are : 
savings in cost of the iron corj, of the tank and oil (since there is only one tank whose volume 
is much smaller) of ths bushings (since the connections can be made internally and 
therefore the number of bushings is smaller) and of the auxiliary apparatus. 

The higher efficiency of a 3-phase transformer is on account of the fact that it has a 
shorter magnetic path and consequently the volume of core and hence the core (iron) loss is 
smaller. 

(is) In case of 3-phase transformers, there i < only one unit to install and operate. 
Hence, the initallation and operational costs are smaller for 3-phase units. 

The disadvantages of 3-phase transformers are : 

The 3-phasc transformers are built as a single unit whereas an equivalent bank of 
single phase transformers comists of three separate units. The weight and hence the cost 
per unit is thus higher in the case of 3 phase transformers. The three phase unit costs about 
15% lesser than the bank. 

(i) It is more difficult to transport a 3 phase transformer as the weight per unit is 

more, 

(is) In the event of a fault in any phase of a 3 phase transformer, the fault is trans¬ 
ferred to the other two phases. Therefore, the whole unit needs replacement. Hence, in 
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3 phase transformer installations, a more expensive unit must he available for speedy 
replacement in the event of a breakdown. However, in the case of banks of single phase 
transformers, only a much smaller and less costlier single phase unit has to be kept in spare 
to replace the faulty unit. In the case of delta connected banks, the faulty unit is simply 
disconnected with continuity of supply maintained by operating the bank in open delta at 
58% of the original power capacity till the faulty single phase unit is replaced. (The 
practice of operating two 1-phase transformers in open delta at 58% of rated load is quite 
common in U.S.A.) 

The choice of transformer arrangement for 3-phase systems is mainly governed by the 
relative importance of the factors listed above. For example in mines three 1-phase units 
may be preferred to a 3-phase transformer on account of ease of transport. 

7*4. Three Phase Transformer Connections. A 3-phase transformer or a bank 
of three 1-phase transformers may be connected in star or delta. Wher tar connection 
is used, the phase voltage is 1/V3 times the line voltage while in -!ta connection 
the phase voltage is equal to the line volt'ge. 

Therefore, the number of turns per phase in a star connected winding are I/v^3 times 
the number of turns per phase in a delta connected winding. On the other hand, the current 
in each phase (and hence in each conductor) of a star connected winding is V3 times the 
current m each phase (and hence in each conductor) of a delta connected winding. 

Thus we conclude that a star connected winding is characterised by a small number 
of turns with conductors having a large area of cross-section while a delta Corineettd Winding' 
has a large number of turns with a small area of cross-section . The larger number df turns of 
lower cross-sectional area used in delta connected transformers obviously require greater 
a m ount of insulation. 

The advantages of star connected transformers are : 

(i) the phase voltage is smaller, and hence the majdr insulation required between 
windings and earth is smaller. Another advantage of star connected winding with earthed 
neutral is that the miximum voltage to the core (which is at the earth potential) i§ limited 
to 53% ofline voltage, whereas with a delta connected winding, in case of a iineto earth 
fault the maximum voltage between windings and core increases to full line voltage. 

(s») the number of turns is smaller with the result the amount of insulation used is 
smaller. 

The use of star connection at high voltages results in reduction in cost especially at 
hiffher voltages since at higher voltages the cost of insulation becomes significant. At very 
hieh voltages* the savings on account of star connection in the cost of insulation may 
amount to as much as 10%. The savings in the cost of insulation on account of connections 
may not be significant below a voltage of 11 kV. 

liii) In the case of star connection, both phase and line voltages are available for four 
wire supply. This is useful for distribution purposes at lower voltages where both 3-phase 
and 1-phase loads have to be supplied. 

The delta connection behaves better under conditions of unbalance and in fact a delta 
connected primary^rTssehtlal^vi^ere tKeTSw^ottagOecondary isstarc o Tm e ct < ndfmxr'wtrr~ 
supply to mixed 3-phase and 1-phase loads. 

7*5 Three Winding Transformer*. The- use of multi-circuit transformers in 
large power networks, the power generated at power stations is transmitted to consumers 
loeatedat widely different distances. The most economic transmission voltage depends 

the distance of the load from the power station. Therefore, in situations where the 
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load centres are betted <U varying distances from the power generation centre, it becomes 
imperative (due to ecartomic considerations) to transmit power at different voltages. 

There are certain important consumers and systems which require to be fed from two 
or more independent distribution systems. 

Also, it is often desirable to interconnect several systems having different voltages into 
a common grid network in order to economically distribute electric energy. 

In all such applications two-winding transformers having two independent 
circuits i.e. primary and secondary, may be used. However, it is more convenient and 
economical to use mnlti-circnit transformer* , These transformers have three or 
more independent circuits with different transformation ratios, so that the windings 
operate at three or more different voltage levels. 

A three winding transformer consists of three sets of windings primary, secondary 
and tertiary. Three winding transformers may be either 3-phase units or 1 -phase units 
connected in a three phase bank. These transformers have a large kVA rating. Since the 
three windings are operated at three different voltage levels, they may be called as high voltage 
(h.v.), medium voltage (m.v.) and low voltage (I. v.) winding*. 

Two alternative arrangements of windings of a 3-phase transformer are shown in 
Figs. 7 6(a) and (6). The high voltage (h.v.) winding in both cases is the outermost winding 
away from the core because of insulation considerations. The l.v. and m.v. windings are 
kept adjacent to each other with either of two nearer to the core. The l.v. and m.v. 
windings are kept near to each other in order to reduce the leakage reactance between 
this pair of windings. Thus the two possible winding arrangements for windings starting 
from core outwards are : 

(») l.v., m.v. and h.v. and (*i) m.v., l.v. v. 




Fig. 7*6. Winding arrangement of ^winding transformers. 

In two winding transformers, both the primary and the secondary windings have the 
rated kVA rating. However, in a three winding transformer, the kVA ratings of three 
windings may be unequal. The rated kVA of the transformer is considered to be equal to 
the largest-rated kVA of any of its windings. 

There are many other reasons why three winding transformers are built with an 
additional winding, the tertiary winding, apart, of course, from the traditional primary 
and secondary windings of a two winding transformer. These reasons are : 

(») To supply small additional load at a different voltage. 

^ (si) To supply phase compensating devices such as capaciton required for power 
factor improvement which can be operated at different voltage. 

(iii) In star/stur or siar/sigx&g transformers, a‘ delta connected tertiary winding 
'reduces the zero* phase sequence impedance and allows adequate eerth fault current to flow 
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for the operation of protective device in order to limit the voltage imbalance which may be 
produced when the load is unbalanced. 

(»») To indicate voltage in a h.v. testing transformer. 

The teritary winding is called an saslUtry winding when it is used for supplyiiuf 
an additional small load at a different voltage. On the other hand, it is called a statf 
Using winding, when it is used for limiting the short circuit current as in (m). Tertiary 
windings are normally connected in delta so that when line to earth or line to line faults 
occur on the primary or the secondary windings, the considerable unbalance 
in phase voltages may be comp nsated by the circulating currents flowing in the Closed 
delta. The reactance of the windings should be large enough to limit the circulating 
currents in order that there is no overheating of the windings. 

7*6. Distribution and Power Tranaformei*a. The transformers used in power 
systems may be divided into two categories depending upon the type of service. These are : 

(t) Distribution transformers and (*») Power transformers. 

Distribution Transformers. Transformers upto a size of about 200 kVA, used 
to ?tep down the distribution voltage to a standard service voltage or from transmission 
voltage to distribution voltage are known as distribution transformers. They are kept in 
operation ail the 24 hours a day whether they are carrying any load or not.^ Energy u loit 
in iron losses throughout the day while the copper losses account for loss in energ y wh en 
the transformer is loaded. Therefor , distribution transformers should have their iron' 
losses small as compared with full load copper losses. In other words they should be' 
designed to have maximum efficiency at a load much lower than full load (about 50 per 
cent). Owing to low iron loss, the distribution transformers have a good all day efficiency. 
Distribution transformers should have a good voltage regulation and therefore they should 
be designed for a small value of leakage reactance. 

Power Transformers, They have a rating* above 200 kVA and are used in gene¬ 
rating stations and substations at each end of a power transmission line for stepping up or 
stepping down the voltage. They may be either single phase or three phase units. 
They are put in operation during load periods and are disconnected during light load 
periods. Therefore power transformers should be designed to have maximum efficiency 
at or near full load. Power transformers are designed to have considerably greaterleaklgr~ 
reactance than is permissible in distribution transformers as in the case of power transfor¬ 
mers inherent voltage regulation is less important than the current limiting effect of the higher 
leakage reactance. 

7*7. Core. The transformer core is a closed magnetic circuit through the mutfod 
flux s\«. the flux which links with both the windings passes. The core material and cons¬ 
truction should be such that both the magnetizing current and the core lenses are mini¬ 
mum. The cores of transformers are laminated in order to reduce the eddy current 
losses. The eddy current loss is proportional to the square of thickness of laminations. 
This apparently implies, that the thickness of the laminations should be extremely 
small in order to reduce the eddy current losses to a minimum. However,, there 
is a practical limit beyond which the thickness of the laminations cannot be decreased 
further on account of mechanical considerations. This practical limit of thickness is 
0*3 mm. The laminations are made 0'33—0 5 mm thick. The thickness should not be 
reduced below 0*3 mm because in that case, the laminations become mechanically weak 
and tend to buckle. These laminations are made of the so called transformer grade steel 
containing 3—5% silicon. The higher content of silicon increases the resistivity of 
the core, thereby reducing the eddy current core loss. High content silicon steel is a soft 
Iron material Having a narrow hysteresis loop and thus the hysteresis losses are also small. 
This material has a high permeability and hence the magnetising current is also mail. 
The steel used for transformer cores may h* hot tolled or odd roiled. The hot tolled 
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■tael which permitted v maximum flux density of 145 Wb/m a was in use for a consider* 
able length of time. In recent years this type of steel has completely been superseded by 
0*33 mm (or 0*35 mm) thick cold rolled steel allowing much higher flux densities upto 
1*8 Wb/m* to be used. Although, cold rolled steel is 25—35% more expensiv than the 
hot rolled steel, the increase in value of maximum flux density makes it possible to reduce 
the amount of core material. 

However, the use of cold rolled steel involves a more complicated core construction and 
requires new methods for machining the laminations. 

The hot rolled steel is sheared to size by power guillotines and then punched in multi* 
pie presses. With cold rolled steel, rolls of mass upto 2 tons are slit into widths by gang 
Operated slitters. This working of cold rolled steel impairs its property and therefore it is 
annealed to relieve stresses. The annealing process involves heating sheets or complete small 
cores at 800°C in an inert atmosphere (to avoid oxidation and carbon contamination). 
The Insulation on the surface of laminations is kaolin or varnish in the case of he-t rolled 
steel but for cold rolled oriented steel, phosphate*base coating is used. This coating is done 
by the makers of the steel and can withstand the annealing process. Cores of small trans* 
formers need no further insulation if made of c.r.o.s. However, the transformers of capacity 
10 MVA and above kaolin or varnish must be applied to the lamination (in addition to 
phosphate»base coating which already exists). 

7*8. Gore Groea.section, Small core type transformers have rectangular section 
limbs with rectangular coils as shown in Fig. 7‘7. However, in large capacity transformers, 
the economic use of core material requires that the cross*section of the core should ideally 
be a circle since a circle has the minimum periphery for a particular area and hence, the 
windings which are put around the core have a minimum length of mean turn resulting 


K 1/ 



Fig. 7*7. Rectangular core. Fig. 7fi. Two-^tepped (cruciform) core. 

in reduced amount of conductor material thereby reducing the costs. A circular core, 
however, involves the use of an unmanageably large number of laminations of different 
sizes. The use of laminations of different sizes is possible but is highly time consuming and 
uneconomical on account of the obvious difficulties in core assembly and increased labour 
costs. A compromise is achieved by arranging the core section in steps in such a way 
that the net sectional area is mazimum for the, number of steps employed and the cornets 
of die steps are so arranged that they lie on a circle known as a drenmacrI blag circle 
of predetermined diameter. Fig. 7*8 shows a two-stepped core which is also known as 
cracifbrzn core. A two stepped core requires two sizes or laminations. However as the number 
of steps increases, the number of different sizes of laminations also increases. With large 
number of steps, there is ,.a reduction in the length, of mean of windings and con**' 

qbentty there is a reduction in the cost of conductor material and the losses but 
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there is extra cost involved in shearing and assembling of different sizes of laminations. 

1 her, fore, whil** designing a core section, balance should be struck between the cost of 
conductors and core and also the labour charges. Cores for shell type transformers are 
usually of simple rectangular cross-section. 

7*9. Core construction with hot rolled laminations. In small transfor* 
mers, the complete magnetic circuit can be punched as a whole but this process would 
involve too much wastage of sheet if followed for large transformers. Moreover there 
would be great difficulty in putting the winding as each turn will have to be separately 
threaded through the window which is impossible for large transformers. Therefore, the 
coils are made separately ard are then placed on assembled cores. The magnetic circuit 
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(a) 1 type laminations. (6) E type laminations. 

Fig. 7 9. Core construction with different types of laminations. 

is made of different types of laminations to give it a proper shape. Fig. 7*9 (a) shows a 
core built from I shaped laminations. Joints at the junctions of different strips introduce 
air gaps in the magnetic circuit resulting in increased magnetizing current as air has a 
much low> i permeability than iron. Therefore the joints should be made as tight as 



(a) Cote type ( b) Shell type 

Fig. 7*10. Core built with L type laminations. 

possible and the joints in adjacent laminations should be overlapped. This gives a smaller 
effective air gap for tht dux to jump. In small transformers the path of flux through iron 
is small, and the air gap at the joints is of more relative importance than in huge tvaar 
formers. Therefore in order to decrease the magnetising current in small transformers, we 
have to make the laminations of special shape. In the case of shell type of transformers, 
the laminations can take the form of an £ as shown in Fig. 7*9 (6). L type huninations 
can be used for building up cores of both core and shell of transformers as shown ht 71ft 
7*10 (a) and (6). 

In the case of large core type transformers, I type laminations are used and the 
joints between limbs and yokes are interleaved. If the magnetic properties of the circuit 
are the only consideration, the best arrangement is obtained by interleaving one plate jM * 
time. Fig. 7*11 shows the alternate layers of laminations of interleaved core of a single phase 
transformer while Fig. 7*12 shows the same for a three phase transformer. It is nstiaUy dtsi* 
rable for mechanical reasons to interleave the (dates two, three or four at a time. As many as 
20 widths of steel strip may be interleaved at a time for large power transformed as this sccda 
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(a) 1st position (odd (A) 2nd position (even (a) 1st position (odd ( b ) 2nd position (even 

numbered Mmi- numbered lamina- numbered lami- numbered lami¬ 
nations) tions) nations) nations) 

Pig. 7*11. Interleaving core of 1-phase Fig. 7*12. Interleaving core of 3-phase 

core type transformers. core type transformer*. 

rates the magnetic circuit assembly and minimizes the risk of imperfect interleaving on 
account of buckling of laminations. Fig. 7.13 shows the interleaving of core plates using 
a number of laminations at a time. In this case the interleaving patterns remain 



Fig. 7* 13. Interleaving of care Fig. 7*14 Effect of air gap on flux 

laminations. patterns of core joints. 

unchanged although the thickness of each layer grows accordingly two or three 
times. It should be pointed out here that the increased thickness of the layer 
increases the no load current and also the iron loss of the transformer because of increased 
reluctance offered to the magnetic lines of force bypassing the lamination joints as shown 
in Fig. 7*14. It is dear that larger the number oi laminations in a layer, the greater is the 
number of magnetic lines of force which go through the air gaps between leg and yoke 
laminations. Since the flux has to pass through the air gaps in the joints of the 
lamin a t ions, the gam left during the interleaving of the care result in large magnetizing 
current of the transformer. 6 


, - T h «* f ° re . in ottkr to reduce magnetizing current, the interleaving at the lamination 
joints should be done with utmost care. The gaps between laminations must not be greater 
-twjm.l-r-2 mm. 


7*11. Me 


» *». •wmm W »■ muvu. ine crpss-section or tiie yoke is made about II 
cent greater than that of dtp one in transformers using hot rolled steel. This rec 
Urn fl m density in the y eke which in the reduces the magnetizing cur-ent and iron losses 
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The core is made multi-stepped in order to reduce the length of mean turn of the 
windings. However, since there are no windings around the yoke it can be 
made o a larger cross-section in order to reduce no load current and also the iron losses. 
Also in order to simplify the core construction and to cut down labour costs, the yoke 
need not to be of multi-stepped cross-section. It can be made rectangular or two-stepped 
section in order to simplify the construction. This construction leads to croee- 1 
fluxing between core and yoke giving rise to additional iron losses. The phenomenon of ’ 
cross-fluxing can be explained with the help of a analogy in hydraulic systems. 

L«t us consider three Channels of equal area with equal water as shown 
in Fig. 7‘15. Let them be joined together at a water head and. then be trifurcated into 
three channels again. It is observed tlat water in a incoming channel goes into a corres¬ 
ponding outgoing channel straight across without cutting across and without causing turbu¬ 
lence in the common water head. Ideally there are no hydraulic losses since there is no 
turbulence of water. 




Fig. 7'13. Hydraulic analogy for cross-fluxing. 

Let us consider another cue wherein there are three incoming channels pouring 
water into a common water head with only two outgoing channels. In this case, since the 
water of three incoming channels ha* to go to two outgoing channels, water has to cut 
across the common water head and therefore increased turbulence is caused with resultant 
lots. 


Similarly, when the core is three stepped and the yoke is two stepped, the flux wiU 
cut across the laminations at the joints of core and yoke resulting in crou-jtuxing and con¬ 
sequent increase in iron loss. 

The iron losses in a magnetic core, where the flux crosses from one part to anothe*-, 
are minimum if the flux density in all the packets comprising the magnetic circuit is the 
same. In a transformer, this is possible only if the core and tue yoke are of the same 
shape so that the additional iron losses on account of cross-fluxing are avoided. 

When the core and the yoke cross-sections are of different forms, cross fluxing occurs 
resulting in non-uniform flux density distribution which gives rise to additional iron . losses 
and local overheating of the core. It is not always possible to use the same cross-section for 
both yoke and core owing to certain technological reasons. The yoke is made of much 
simpler cross-section which may be either rectangular or cruciform or with a step upwards 
or downwards as shown tn Fig. 7'16. Yoke stepping, to some extent, equalises the flux 
density distribution in the core packets and reduces the additional iron loss as compared with 
dm Ion in rectangular section yokes. 

Yokes with rectangular cross-section as shown in Fig. 7*16 (a) are r used for small caps* 
city transformers, while the yoke cross-sections shown in Figs. 7’16 (b), (e) and (rf) are used for 
large capacity transformers. 
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(a) Rectangular 



(A) Cruciform (c) With a »tep 

upwards 

Fig. 7* 16. Yoke cross-sections. 


( d) With a step 
downwards 


The yoke cross-section with a step downwards as shown in Fig. 7' 16 (d) is commonly 
used in large power transformers and has the advantage of providing additional space 
along the height for location of tappings in the winding. 


711. Clamping of core. In small types of transformers, the laminations are held 
together by either string or by a strong cotton webbing. But this method does not give much 
strength and rigidity. Cores can also be clamped between iron frames. In bigger 
transformers, cores are kept in position by side plates bolted together at intervals along the 
limbs and the yoke. Holes are punched out jn the laminations in order to accommodate 
the bolts. These bolts, which necessarily pass through the cores must be insulated both 
from the side plates and the laminations, while the side plates are insulated from the 
laminations. The isolation is necessary as otherwise the bolts would short circuit (he lami* 
nations and would provide paths for th > eddy currents. In order to provide more rigidity 
to the core and to prevent bulging of core between bolts, flitch plates are used. Fig. 7‘ 17 
■hows the clamping arrangements for a core. 



1. Channel section for clamping yoke. 

2. Flitch plate. 

3. Core clamping bolts. 

4. Silicon steel laminations. 

3. Bracket for supporting winding and end insulation. 
Fig- 7* 17. Clamping arrangement for transformer cores. 




































































































TRANSFORMERS 


345 


7*12. Core construction of modern cor* type power transformers. Cold 
rolled grain oriented steel laminations arc used for cores of all modern power transformers. 
This is because it permits the use of flux densities between 1*6 to 1*8 Wb/m* as compared 
with 1*3 Wb/m* for hot rolled steel and consequently the weight of both core and windings is 
reduced. 

Prior to introduction of grain oriented silicon steel, transformer core design was 
characterised by rectangular interleaved corners, larger yoke than core (limb) cross-sections, 
and clamping by bolts passing 
through the active core area. 

With the advent of cold grain 
oriented steel the three limbed 
construction for 3 phase transfor¬ 
mers Fig. 7*4 use identical yoke 
and limb cross-sections. 

With very large 3 phase 
transformers, the yoke sections 
become ver heavy resulting in 
increased height of transformer. A 
limitation on the height of transfor¬ 
mer may be imposed by the loading 
gauge of the railways route or the 
road along which the transformer 
is to bs hauled. Thus it may 
become necessary to reduce the 
overall height of transformer. The 
height of yoke is reduced by 
using a 5 limbed construction in 
place of the conventional three 
limbed construction. In five limb¬ 
ed construction (Fig. 7*18) the top 
and the bottom yokes can be made 
of smaller of cross section (than 
the principal three limbs) by pro¬ 
viding two extra limbs which 
provide extra return paths for the flux. 

Top and the bottom yoke -sections are 58 percent and the vertical return limbs are 
45 percent of principal limb cross-section. 

The type of construction to be used whether say “core type” or "shell type" is usually 
an invariable function of the design policy, factory layo »t and construction. In India the core 

type of construction is used almost exculsively. 

When very large transformers are manufactured, their overall dimensions must be taken 
into consideration from the point of view of transportation. The height of the tranformers has 
to be reduced on account of transportation difficulties like height of the bridges on the way 
to installation sites. 

The reduction of overall height of transformers requires the height of yoke to be 
reduced It is a common practice today to manufacture 1-phase generator transformers 
upto 800 MV A with cores of star form or cruciform plan ; three or four “two limb" cores 
are assembled with one central combined limb for the windings. 

Fig 7* 19 shows a transformer core arrangement with a central leg around which both 
primary and secondory windings are wound, and the return path for the flax is through four 
yokes. This arrangement reduces the height of the yokes by four times. The reduction of 
height of yoke facilitates the use of either a circular or a square tank. 



-1—:—1-f- 

Fig. T 18. T ivc limbed three phase transformer. 
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Fig. T 19. FOuryoke 1-phase core. 

In cold rolled grain oriented steel the grains are along the direction of rolling. 
The cold rolled grain oriented steel has the maximum permeability in the direction of the 
•grain orientation. Also the specific iron loss is minimum if the flux lines are along the 
direction of rolling.^ Therefore, if the cores and the yokes are stacked of interleaved 
right angled laminations the magnetic lines of force at the corners will turn at an angle to 
the direction of grain orientation as shown in Fig. 7'20 (a). This gives rise to increased i on 
loss and increased no load current. 


The iron loss and the no load current can be decreased if the flux lines are made :o 
flow along the direction of the grain orientation. This is possible if mitred (bevelled) joints 
are used For cores and yoke as shown in Fig. 7‘20 ( b ). 


Flux lines 



Mitre 
(bevelled 
core) 


(a) Conventional etre; (b) Mitred core. 

Fig. 7*20. Stacking of core using cold rolled oriented steel. 
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The commonly used forms of mitred joinu are («) 45° mitre and (ii) 35°/55 a 
mitre. These joints are shown in Figs. 7'21 (a) and (6) respectively. The full lines show the 
of laminations and the dotted lines show the joints in the subsequent layer. 
The 35 /55 mitre improves the flow of the flux around the corner while tho 45* mitre 
reduces waste of core material during the cutting process. 

When the core (circumscribing) circle diameter exceeds about 0 8 m the commercially 
available laminations are too narrow to span the full diameter and therefore splitting of the 
core becomes essential. Therefore, bridging sections as shown in Fig. 7 22 are needed 
between the two halves of the core at the central limb. Incidently, an advantage of splitting 
the core in two halves is improvement in cooling of -or--® 

the core because the area of the laminations exposed^ 
to the coolant gets doubled. * 

In order to make the best use of the grain 
oriented silicon steel, it is necessary to make the flux 
run parallel to the direction of rolling (• e. the direc¬ 
tion of grain orientation) for as much of the 

magnetic path as possible. This is made by design- , 

ing yoke and limb sections of identical cross-section Fif- >22. s Splitted core with bridge 
and shape in order to avoid cross fluxing and addi- of 35 /55* mitre oorncrs. 

tional iron loss. The laminations are assembled 
with mitred (bevelled) joints. 

The use of mitred joints assures that the flux fl iws along the direction of grain 
orientation thereby minimising both the core loss and the magnetising current. 
However, the use of mitred joints complicates the core construction. The core may fee 
clamped with bolts. The bolts are insulated frdm the core by core of s.r.b p. or with larger 
cores with higher operating temperatures, these ate often of epoxy resin bonded fibre glass. 

However, in order to retain the advantages of cold rolled oriented steel, a boltless 
construction is used as the clamping bolts distort the flux path and increase the eddy 
current loss. The core is bound u«der pressure by iyniheiic-re»in-bonded glass or Tere^ene 
which is then heated to set the resin. The outer packets of laminations are then bounded 
by a suitable adhesive such as Araldite in order to spread the pressure more evenly. 

713. Cooling of cores. In transformers of medium and high capacity with 
diameter of circumscribing circle D > 0 35 m he cores have the relatively small surface/ 
volume ratio so that the temperature gradient in the core is excessive. In such^ cas e s the 
cooling must be augmented by dividing the core into different stacks with longitudinal oil 
ducts (usually 6 mm wide) running parallel to the laminations as shown in Fig. 7‘23 (a). 




la) iftpgi—dt®* 1 gods. (6) longitudinal and trans- 

vans ducts. 

Fg. 7*23. Core ducts. 
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In transformers of very high capacity (D > 0 8 m) longitudinal ducts may not be 
sufficient and as heat flows more readily along the laminations, than between insulated 
laminations, it is necessary to increase the area of lamination edges by using transverse duct 
which may be 10*12 mm wide as shown in Fig. 7 23 (b). 

The magnetic circuit is therefore, divided into packets insulated from each other an 
to ensure good electrical continuity between packets, tinned copper strip bridging pieces ai 
used. 

714. Gore Earthing. With the exception of individual laminations and core bolts, 
all internal metal parts of the transformer require earthing. 

Due care must be taken in the design of the earthing system to avoid multiple paths 
which may initiate partial discharges because of the circulating currents inducing 
relatively high voltages across high impedance sections of an earth path. 

7 - 15. Transformer Windings The windings used in transformers are of different 
types and employ different arrangements*for coils. 

Shell type transformers use sandwich type of winding with coils shaped as pancakes. In 
this type of winding Both low and high voltage windings are split up into a number of coils.' 
Each high v. Itage coil lies (or is sandwiched) between two low voltage coils as shown in 
Fig. 7*3(6). The two low voltage coils at the ends have half the turns of a normal low voltage 
coil and therefore these coils are called half coils. The subdivision of low and high voltage 
windings into a number of coils gives a better coupling between the two windings and 
therefore results in lower leakage flux thereby reducing the leakage reactance. The 
leakage flux and leakage reactance of the windings depends upon the number of sections in 
which the windings are divided ; the larger the number of coils (and hence sections), ti e 
lower is the leakage reactance. Therefore, the advantage of sandwich coil is that with 
their use the leakage reactance of the transformer can be controlled to any desired value with 
a suitable division of windings. 

Gore type of transformers use concentric type of windings. Each limb is wound 
with a group of coils consisting of both primary and secondary windings which are con* 
centric to each other as shown in Fig. 7'3(a). The low voltage winding is placed next to the 
core (which is at the earth potential) and the high voltage winding is placed on the outside. 
However, the low voltage and the high voltage windings can be alternately interlaced so as 
to reduce the leakage reactance. 

The type and arrangement used for windings used for core type of transformers de¬ 
pends upon many factois. Some of these factors are : 

(i) current rating, (it) short circuit strength, 

(tit) temperature rise, (u>) impedance, 

(v) surge voltage and (®») transport facilities. 

The windings used for core type of transformers are of the following types : 

1. Cylindrical windings 2. Helical windings 

3. Double helical windings 4. Multi-layer helical windings. 

5. Cross-over windings 6, Disc and continuous disc windings 

t 

7- Aluminium foil windings. 
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1 Cylindrical winding*. These windings are layered type and use either 
rectangular or round conductors. A cylindrical winding using rectangular conductors is 



( a ) (6) ( a ) on the flat side ( b) on the rib side 

r, '«. 7 24. Cylindrical windings. Fig. 7-25. Positions of rectangular 

conductors. 

shown in Fig. 7*24. The conductors are wound on the flat side with their longer sides 
parallel to the core axis as shown in Fig. 7'25 (a). However, sometimes they are wound 
on the rib side i.e. their longer sides are perpendicular to the core axis as shown in 
Fig. 7*25(6). The winding using rectangular conductors may be simultaneously wound 
from one or more parallel conductors placed flatwise or edgewise. 


The layered winding may have to conductors wound in one, two or more layers and 
is, therefore, accordingly called the one, two or multilayer winding. The windings 
using rectangular conductors are usually two 
layered type because in this case it is easier to 
secure the lead-out ends. The two layers are 
separated by an oil duct. The windings de¬ 
signed for heavy currents are wound with a 
number of conductors connected in paralllel 
located side by side in one layer. The parallel 
conductors have the same length and are loca¬ 
ted in the magnetic field of leakage flux of 
altnost the same fiux density, and hence it is 
not necessary to make any transposition of the 
conductors. A wedge-shaped packing if used 
at each of the two extreme ends of winding 


at each of the two extreme ends of winding 
in order to level it. The packing is made of 
either pressboard strips or rings cut from a 
bakelite cylinder. 

Cylindrical windings employing rect¬ 
angular conductors are used mainly as low 
voltage windings upto 6*6 kV for kVA ratings 
upto 600—750. However, their main use is 
for voltages upto 400V. 

Cylindrical windings using circular 
conductors are multilayered as shown in Fig. 
7*26. They are wound on a solid paper bakelite 
cylinder. 



Pb. 7-26. InmUllon between layers sad m 
tbs bott-endof the cylindrical ariadtafltof 
circular conductors . 
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In order to improve the cooling conditions of the inner layer, the cylindrical wind¬ 
ings using circular conductors are often wound on vertical strips forming an oil duct 
between winding and the insulating cylinder as shown in Fig. 7‘27(6). Sometimes the 
winding is divided into two parts by an additional oil duct. This oil duct is usually located 
nearer to the inner winding as shown in Fig. 7*27(c). 


Cii duct 


A^ilducts 





<°> (A) (c) 

Fig. 7*27. Arrangements ofthe cylindrical windings with circular conductors 

The cylindrical windings employing circular conductors are mainly used for high 
voltage windings with voltages 6*6, 11, and 33 kV for ratings upto 600—100 kVA 

2. Helical windings. The helical windings are of two types 
(*) single helical winding. (si) double helical winding. 

Single helical windings. The single helical or simply a helical winding has its turns 
wound in an axial direction along a screw line with an inclination corresponding to the 
height of a conductor and an oil duct between turns. There is only one turn in each 
winding layer as shown in Fig. 7;28(o). The winding consists of a single section conductor 
or a number of strands in parallel wound in the form of a continuous helix. The conductor 
is rectangular in cross-section and is paper covered. The oil is mounted on a thick press- 
board or s.r.b.p. cylinder. 


Helical windings are used for low voltage winding medium and high capacity trans¬ 
formers where the number of winding turns is small but the current is high. Therefore, 
low voltage windings of medium and high 

_..... __.l. .... __ 


capacity transformers require the use of 
a conductor made of a large number of 
strips connected in parallel. The parallel 
connected strips are placed side by side 
in a radial direction so that each conductor 
occupies the total radial depth of the wind¬ 
ing to form a Dirt-helical winding as shown 
in Kg. 7 '28 ( b ). The individual strips 

can be assembled in a radial pad, either 
,, * single column or as two columns in 
lid. 




urn 


(a) Helix (6) Disc-helix 

Fit. 7-21. Helical windings. 
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• l .** e V c ® windings are usually wound on the battens around the bakelite cylinder 
. ms ^! at L in 6 cylindes placed between the turns/ The continuous helical winding 
exhibits high axial mechanical strength and therefore finds wide application in low voltage 
windings of large size power transformers. 

A distinguishing feature of the helical winding is the use of transposed conductors 
by changing the relative position of individual conductors or groups of conductors. The 
transposition is essential for equalizing the resistance and leakage reactance of each of 
parallel conductors. In the absence of transposition these conductors will be of different 
length and, being situated in the leakage field having unequal flux densities, will have 
different resistance and leakage reactance. This would lead to non-uniform distribution 
of current in parallel conductors thereby overloading of portions of conductors and causing 
additional eddy current losses in conductors. 

The transpositions in this winding are made in the following manner. The whole 
of the winding turns along axial length are subdivided into four equal sections. The tram- 



Fl* 7-29. T Y s o s po d thw eln HsMpsI wbritags. 
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positions are made between these sections, at three different points of the winding. The 
three transpositions include one standard transposition and two partial transpositions as 
shown in Fig. 7*29. The standard transposition is done in the middle of winding with each 
conductor varying its position symmetrically relative to the middle point i.e. the conductor 
on the extreme right being transposed to the extreme left, the second conductor from 
right being transposed to second position from left and so on. The two partial transposi¬ 
tions are done at a distance of ± height from top and bottom ends of the windings. In 
partial transpositions two halves of parallel conductors are interchanged in positions 
with the right half the conductors being transposed to left half positions and vice-verm. 

The disadvantage of the simplex helical winding is that ampere turns are as if thinned 
out at the points of transpositions, which leads to unequal distribution of mmf throughout the 
height of winding. 

3. Double-helical winding* , The double-helical winding is used in low voltage 
windings of high power ratings where the number of winding turns is small and a single 



Turn 

cross- 

i«eiton 


helical winding with normal width of oil ducts does not tfill up property a window height, 
while the current and the number of parallel conductors required are very large. 


Fig. 7 30 (a) shows a single helical winding. All the conductors forming one turn 
are situated side by side in one layer, the adjacent turns separated by spacers along the 
axial length. In contrast, the parallel conductors of a double helical winding are divided 
into two parallel circuits and are situated in two layers shiited in axial direction as shown 
in Fig. 7 30 (b). The advantage of double helical winding is the reduced eddy current 
loss in conductors. This is on account of the reduced number of parallel conductors 
situated in radial direction. This can be illustrated by a simple example. Suppose there 
are 8 parallel conductors which form one turn. If asingle helical winding is used, there 
will be 8 conductors placed radially, while there will be only 4 conductors in the radial 
direction if double-hexial winrl-ing is employed. The magnetic field is non-uniform in the 
radial direction and, therefore, there is greater magnetic assemetry between the conductors 
when the single helix winding is employed, resulting in greater PR loss and increased leakage 
reactance. 


In double-helix winding the transposition is obtained without using an axial space on 
interchanging the conductors, because the turn in its cross-section consists of two groups of 
conductors. 

The transposition in this winding is termed uniformly distributed and is made in the 
following way. The entire winding (turns) is sub divided into equal sections. The number 
of these sections should be equal to the total number of parallel conductors. The conductors 
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are then changed between these sections; the top conductor of one group is placed on top 
of the second group while at the same time and in the same portion of the winding the bottom 
conductor of the second group is inserted underneath the first group. 

The procedure for making a transposition in the double-helical winding is shown in 
Fig 7'31. The conductors are transposed in the gap between the spacers as shown in 
Fig. 7*32. 

A double-helical winding is uv.*d ‘or the same range of voltages as a single-helical 
winding. However, the current rating ijr the double helical winding is twice as that of 
single helical winding. 

Helical windings are used ir. power t •‘nsformers with outputs ranging from 150 kVA 
to 30 MVA at voltages from 400 V to 11 kV and sometimes upto 33 kV. 

4. Multilayer helical windings. Multilayer helical windings are commonly used 
:1 . im;h voltage windings' for 110 kV and above. 

This type of winding consists of several cylindrical layers concentrically wound and 
connected in series as shown in Fig. 7‘33. The number of layers depends upon the voltage, 
higher the voltage, the larger the number of layers. All the layers are wound on paper 
cylinders and are separated from each other by vertical strips forming vertical oil ducts. One 
line n trutnal is connected to the outermost layer while the innermost layer adjoining the low 
voltage winding is grounded. 

The outer layers are made shorter than the inner onesthcreby distributing the 
capacitance uniformly. This winding is primarily used for improving the surge behaviour of 
t ransformei s. 




Coil 


H«. 7*33. Continuous disc winding. 

The improvement in surge behaviour requires large capacitance, which means 
decrease in radial depth of winding. The decrease in radial dimensions means poor mechani¬ 
cal strength and also low leakage reactance. Therefore, multilayer helix windings ms 
subject to large short circuit forces and since they are inherently weak (mechanically), their 
use is restricted. 

5. Cross-over windings These windings are used for high voltage windings of small 
transformers....Jt has been mentioned earlier that cylindrical windings (especially cylindrical 
vindirigs using circular conductors?, are used for high voltage windings of low rating trans* 
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formers. However, the use of cylindrical multi-layer winding at high voltages, the voltages 
between adjacent layers become too high and it becomes difficult to select proper thickness 
for the interlayer insulation. Thus, it becomes imperative to reduce interlay* r insula¬ 
tion and therefore the winding is axially separated into several multilayer coils. The winding 
is divided into a number of coils separated from each other by insulating washers or oil 
ducts formed by spacers, 

In cross-over windings, the conductors are paper covered round wires or 
strips. The coils are wound over formers with side cheeks (U pieces) and 
each coil consists of a number of layers with a number of turns per layer. The c omplete 
winding consists of a number of coils connected in series. Two ends of each coil are brought 
out, one from inside and one from outside. The inside end of a coil is connected to the out¬ 
side end of the adjacent coil. The actual axial length of each coil is about 50 mm while 
the spacing between the adjacent coils is about 6 mm to accommodate blocks of insulating 
material and to allow free circulation of oil. The width of coils is 25 to 50 mm. Fig. 7'34 
shows cross-over coils. 

Grass-over windings are used h the same range of ratings as the cylindrical windings. 
The cross-over winding has a higher strength than the cylindrical winding under normal 
operating conditions. However, this winding has a lower impulse strength than the cylindri¬ 
cal winding and also is more labour consuming. 

6. Disc and continuous disc windings. Disc windings are primarily used in 
high capacity transformers. The winding consists of a number of flat coils or discs 
connected in seriesdfr parallel. The coils are formed with rectangular strips wound spirally 
from centre outwards in the radial direction as shown in Fig. 7'35. The conductor used is 
in such lengths as are sufficient for complete winding or section of winding between tappings. 
The conductor can be a single strip or a number of strips in parallel, wound on the flat 
si c. This gives a robust construction for each of the discs. The discs a>c wound on a insulating 
cylinder spaced from it by strips along the length of cylinder. The discs are separated from 
each other with press-board sectors attached to vertical strips. The vertical and horizontal 
spacers provide radial and axial ducts for free circulation of oil which comes in contact with 
every turn. 

The disc coils are usually assembled into double coils because this arrangement leads 
to a more convenient connection of the inner ends. The double disc windings are wound 
from an entire length of conductor. Each coil is wound starting from the middle, from 
the connection point of coils, until a double coil is formed. This disposition of coils formed 
in pairs is achieved through pairs of coils with requisite turns for one disc being loosely 
wound so that the conductor finishes in a position to provide the start of the inside turn 
of the adjacent disc, which is then wound from inside outwards. The first disc is then re¬ 
arranged in such a manner that the start is located as an outside turn. 

In case, the winding consists of a number of discs connected in series, it can be wound 
continuously without breaking the conductor between the separate disc coil. Thus, following 
the formation of one disc, the procedure is repeated without cutting the conductor, thereby 
saving jointing and joint space. This is an advantage, especially for the winding which is 
placed on the inside. 

A distinguishing feature of the continuous disc windings is the transposition of the coils. 
The purpose of these coils is clear from Fig. 7*36. These coils are initially wound in the 
ordinary manner, beginning from the cylinder and outward, and then these coils are trans¬ 
posed in tne reverse order. The conductors are slackened somewhat in order to make the 
reversing, easier and the conductor running from the drum is again tensioned. This facilitates 
the continuous inter-connection of coils without any soldered joints. 

The advantage of disc and continuous windings is their greater mechanical axial 
strength and cheapness. 
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Fig. 7'36. Transposition of continuous disc winding. 

7. Aluminium foil windings. 

Aluminium, in place of copper can be used as a material for conductors in any of 
the above mentioned windings. Aluminium, when used as a single section has many disad- 
vantages as compared with copper such as poor mechanical strength, poor workability and 
increased cross-sccting. 

However, it is uniquely employed in foil windings because it can be rolled to 
thinner and more flexible sheets than copper. The aluminium sheet is used in bobbin type 
coils of one or more turns per layer. 

The types of win. "ngs used in core type of transformers are listed in Table 7 1. 

Table 71. Windings used in core type transformers 


Type of 
Service 

Rating 

H.V. Winding 

L.V Winding 

MVA 

Voltage 

kV 

Type 

Voltage 

kV 

Type 

Distribution 

up to 1 

11-33 

Foil, 

Cross-over 
or Muitilaye- 

043 

1 

Helix 

System 

0 

1-30 

33-66 

Disc 

11 

Disc 
or Helix 

Transmission 

30 and 
upwards 

132-300 

Disc or 
Multilayer 

11, 33, 66 

Disc or Disc* 
Helix 

Generator 

30 and 
upwards 

132-300 | 

Disc or 
Multilayer 

11-22 

Disc-Helix 


7-16. Continuously tran s po se d conductor windings. 


There has been a steady increase in the demand for electrical power. This situation 
/»«ik for a commensurate increase in the power ratings and operating voltages of electrical 
power systems. The transformers used in power systems are now required to withstand - 
Isigher electrical, mechanical and thermal ratings. 

The development of contiguously transposed conductor (CTC) has provided the trans* 
former industry a winding material that can be used for ever rising system voltages and 
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ampacity. The windings constructed with CTC have been found beneficial for high voltage 
high power transfirmers. Continuously transposed conductor (CTC) used for transformer 
v in mgsi has a high thermo-mechanical strength, excellent insulation characteristics and low 
s ray oad loss. The stray losses in large transformers using conventional configuration for 
e conductors tend to be high. Therefore, a need arise? to decrease these losses by suitably 
designing the windings of transformer. 

Stray load loss has two components, (*) eddy current loss, and {*») circulating current 
loss. Eddy current loss within each strand can be reduced by using thinner insulated con¬ 
ductors while the circulating current loss between strands can be reduced through frequent 
transposition of conductors. The advantage of using continuously transposed conductors 
is that the stray load loss is reduced since CTG uses a large number of conductor strips which 
are continuously transposed 


The transpo ed conductor consists of odd number of copper strips connected in 
parallel. The number of strips ranges from 5 to 31. 

The cross-section of a CTC is shown in Fig. 7 37. 

Each strip is insulated with enamel. One layer of 
interleave paper is inserted in parallel between two 
parallel stacks of strips to avoid damage to insulation 
during transposition 


Paper 


Enamel 


Strands 


The transpose i conductor is butt-lapped with 
paper tape. The transposition of individual strips 
help in equalizing their lengths in the stack thereby 
reducing the circulating currents and the consequent 
loss. The transposition is done after 15 times the 
width of conductor or 50 mm whichever is greater. 

The advantages of CTC over conventional 
paper covered conductors are : 

(t) me use of CTC reduces the overall size of 
transformer on account of the compactness of strands 
and consequent reduction in the weight of core, 
windings, tank and oil. 

(•*) The winding time is reduced due to the 
use of assembled transposed conductors in place of parallel strips. 

(»»») The winding has an improved mechanical strength due to composite construction 
of the transposed conductor. 



interleave 
paper 


Fig. 7-37. Continuously transposed conduc¬ 
tor (CTC). 


(iv) The individual strips use thin enamel insulation. Therefore, cooling of the 
conductors is improved on account of increased heat dissipation. 

(«) The conductors have an increased mechanical strength. 

7*17. Cooling of traaafoirmero 


The transformer is a static device which converts energy at one voltage level to another 
voltage level. During this process of energy transfer, losses occur in the windings and con 
of the transformer. These losses appear as heat. The heat developed in thetransformers is 
dissipated to the surroundings. The coolant useds in transformers are : 

(•) air, and (si) oil. 
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The transformer using air as the coolant are called dry type transformers whil< 
transformers which use oil as the coolant are called oil immersed transformers. Ii 
dry type transformers, the heat generated is conducted across the core and winding 
to be dissipated from the outer surfaces of windings to the surrounding air througl 
convection. 

In the case of oil immersed transformers, the heat produced inside the core ant 
the windings is conducted across them to their surfaces. This heat is transferred by the oi 
to the walls of the tank through convection. Finally, the heat is transferred from th< 
tank walls to the surrounding air by radiation and convection. It must be understood thai 
cooling of transformers differs from that of rotating machines and presents greater problems 
since there arc no moving parts in a transformer, that are responsible for iubuilt cooling 
of rotating machines. 

7 18. Methods of cooling of transformers 

There are a number of methods used for cooling of transformers. The choice of 
method depends upon the size, type oi application and the type of conditions obtaining at the 
site where the transformer is installed. 

The large number of methods used for dissipation of heat generated in transformers 
make it necessary to use a concise standard dt signation for them. The letter symbols used for 
designating these methods depend upon (i) medium of cooling used, and (it) the type oi 
circulation employed. 

1. Medium. The cooling mediums (coolants) used for transformer.'' along with the 
symbols used for designating them are : (i) Air— A, (ii) Gas—G, (iii) Synthetic oil—L, 
(iv) Mineral oil—-O, (») Solid insulation—S, and (ei) Water—W. 

2. Circulation. The circulation of the cooling medium (coolant) may be througl 
natural means or there may be a forced circulation of the coolant. Accordingly the symbol 1 
used are : 

(i) Natural— N, and (ii) Forced—F 

There are two ways of cooling a transformer. 

(i) The coolant circulating inside the transformer comes in contact with the windings 
and cores and transfers all the heat entirely to the tank walls from where it is dissipated to tie 
surrounding medium. 

(ii) The coolant circulating inside the transformer comes in contact with windings arid 
cores. The coolant partly transfers the heat generated to the tran former tank walls with 
the major portion of the heat generated inside the transf- rmer being taken up by the 
coolant circulating inside the transformer, to be dissipated away later in an external heat 
exchanger. 

The coolant circulating inside the transformer gets heated and is cooled in the heat 
exchanger. The heat exchanger may employ air or water in order to dissipate the heat of the 
coolant circulated inside the transformer. 

The cooling methods are designated by symbols. Each of these letters is significant of 
tome characteristic of the method of cooling. The cooling methods which do not employ an 
external heat exchanger are designated by two letters. The order in which letters are used to 
designate methods of cooling without external heat exchangers is : 

(*) the medium in contact with the windings, and 

(it) the circulation of the coolant in contact with the windings 

These methods, therefore, are designated by two letters. The order in which letters 
re used to designate methods of cooling using external heat exchangers is : 
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(») the medium in contact with the windings, 

(ii) the circulation of the coolant in contact with the windings, 

{Hi) the medium used in the external heat exchanger, and 

(iv) the circulition of the coolant in the external heat exchanger. 

The cooling methods used for dry type transformers are : 

1. Air Natural (AN). This method uses the ambient air as the cooling medium. The 
natural circulation of surrounding air is utilized to carry away the heat generated by natural 
convection. A sheet metal enclosure is used to protect the windings against mechanical damage. 
This method is used for small low voltage transformers. However, the dt velopment of insulating 
materials like glass and silicone resins class C matt rials which can withstand higher tem¬ 
perature (I50°C) makes the method suitable for transformers of ratings up to 1.5 MVA. The high 
rating transformers are used in special applications like in mines where lire is a great hazard. 

2 . Air Blast (AB). Cooling by natural circulation of air becomes inadequate to 
dissipate heat from large transformers and hence for circulation of air (ait blast) is employed in 
order to keep the temperature rue within limits, l'hc forced air circulation improves the heat 
dissipation. 

In this method, the transformer is cooled by a continuous blast of cool air forced through 
the cores and the windings. The air blast is produced by ext< rnal fans. 

The improvement in heat dissipation caused by air blast allows higher specific loadings 
to be used in dry type transformers. The use of higher specific loading results in lower size 
for thi transformers. The air supply must be filtered to prevent accumulation ol dust particles 
in the ventilating ducts. 

The cooling methods used for oil immersed transformers are : 

1. Oil Natural (ON). The cooling by air is not so effective and proves insufficient 
for transformers of medium sizes. Oil as a coolant has two distinct advantages : 

(») it is a better conductor of heat than air, and 

(it) it has a high co-efficient of volume expansion with temperature. Therefore, sub¬ 
stantial circulation is easily obtained on account of the natural “thermal head” produced 
due to convection so long as the cooling ducts in the cores and windings are not undually 
restricted. 

Hence, almost all transformers (except for the transformers used for special applications 
like mines where there is a fire hazard) are oil immersed. The assembly of an oil immersed 
transformer is shown in Fig. 7.38. 

The transformer is immersed in oil and the heat generated in cores and windings is 
passed on to oil by conduction. Oil in contact with the heated parts rises and its place is taken 
by cool oil from the bottom. The heated oil transfers its heat to the tank walls from where 
it (heat) is taken away to the ambient air. The heate I oil thereby gets cooler and falls to 
the bottom. Therefore, a natural thermal head is created which transfers heat from the 
heated parts to the tank walls from where it is dissipated to the surrounding air. 

The tank surface is the best dissipator of heat but in the case of large rating trans- 
formers the transformer tank will have to be excessively large, if used without any auxiliary 
means of heat dissipation. The reason for this is explained below : 
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Consider a transf inner A with its linear dimensions k times the linear dimensions 
of another smaller but a similar unit B employing the same type of cooling technique. The 
rating of transformer A is Jfc 4 times that of transformer B. The losses in a transformer are 
proportional to volume and hence losses in transformer A are k * times those in transformer B. 
The heat dissipating area of transformer A is k* times that of transformer'# 

The temperature rise 6 =>Qc/8 where Q=losses, #«=*heat dissipating area, and e=*cooling 
co-efficient. Therefore, the temperature rise of transformer A is kyk'—k times that of B 
because the value of cooling co-efficient c remains the same if similar cooling techniques are 
used. Thus we conclude that temperature rise increases linearly with increase in 
dimensions. 

The above can be explained with a simple example. Suppose, transform jr B is designed 
for a rating of 10 kVA with temperature rise say, 40°C which is the max : mum pjrmissible. 
Let trans former A be designed with every linear dimension being twic* of correspon ling linear 
dimension of transformer B. Therefore, the rating of transformer A is 2 4 =16 times that of B, 
which is 160 kVA. The losses in transformer A are 2 8 =8 times tint in B, and the surface area 
of A is 2 ,s *4 times that of B. Consequently, the temperature rise of transformer A is 8/4=2 
times that of B, the temperature rise of transformer A is therefore, 80°G. This temperature 
rise is twice than the maximum permissible. Hence, we conclude, that with increase in rating 
of transformers, the temperature rises and means must be adopted in ord r to keep the 
temperature rise within permissible limits. 

The temperature rise is given by the relationship Q=*Qc/S. It it evident, that the 
temperature rise can be decreased and brought within limits by two means. These are : 

[%) increasing 8, the area of heat dissipation, and 

(»») decreasing the cooling coefficient, 0 . 

The temperature rise of a transformer is inversely proportional to S, its heat dissipating 
area. Thus if the size of the tank is increased, the dissipating area increases and hence the 
temperature rise decreases. Thus, in the example above if the size of the tank is increased 
such that its heat dissipating area is twice that which is otherwise demanded, the tern- 



Fig. 7.38. Oil-circulation In a bans-. 

former using cooling tabes. 


Fig. 7.39. Trantormer tanks with fins and 
corrugations. 


perature rise of the transformer is brought down to40°C. Therefore, this calls for an 
excessively large tank. Increasing the sire of tank out of proportion with the in 

transformer rating and consequent increase of dimensions, is obviously no solution for the 


ooooooo 
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temperature rise. The plain walled tank cannot be used biv.md pirlicular rating. 
This is because if the large rating transformers UJ ed plain waited tank, the size of 
the tank would become enoimou.dy large. A large sued tank nee Is large v <Iutne of oil and 
hence it will result higher cost and w. ight of transformer. Abo, beyond a particular size 
it would become impossible to transport the transformer tdo*' to its large size) from the place 
of manufacture to the site of installation due to the limitations imposed by the gauge of the 
rail line or the road. 

The solution to the problem of decreasing the temperate e rise of large transformers 
lies in decreasing c, cooling co-efficient. The value ol cooling co-efficient can be 
decreased by augmenting the cooling by using auxiliary means. It should be understood that 
as the rating of the transformer increases, the value of cooling nr> ll'u ier.t lias to be decreased. 
The reduction in the value of cooling co-efficient can be brought out by the use of sophisti¬ 
cated methods of cooling. Therefore, as the rating of transformers increases we have to use 
improved methods of cooling in orJer to kei p the temperature rite wiihin limits. The higher 
rating transformers require increasingly improved methods of cooling. 

Oil immersed transfo.mers of ratings unto 30 kVA use plain walled tanks. The 
heat dissipating capability of transformers of ratings higher than 30 kVA is increased by 
providing corrugations, fins, tubes and radiator tanks Fig 7.39 shows fins and corrugations 
provided on four walls. Fig. 7.40 shows a transformer provided with cooling tubes- These 
tubes are welded to the tank walls at the top and bottom. The use of cooling tubes provides 
additional cooling surface but also improves the circulation of oil due to increase in thermal 
head. 


For larger sizes of transformers, radiator tanks with fins or corrugations are employed. 
Fig. 7.41 shows a transformer provided with external radiators. 


ooooooooooo 

oooooooooooo 
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Fig- 7-40- Tank with tubes. 


Fig. 7.41. Tank with external 
radiators. 


It U cl. IT. that in the method, described above the oil in the tiamformer .. circulated 
account of natural thermal head. The oil take, away the hew from .rn.de the trai* 
former to outride. The oil i. cooled in tube, or ortemal radtatom by oarnral _c.rcuUt.oo of 
air Therefore, the method, dewribed above can be tenned a. ONAN (oil natural nod air 

natural). 
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Transfotmers upto a capacity of about 5MVA or a loss of upto 50 kW use tanks with 
tubes. The tubes are usually round and are 50 mm in diameter and are arranged in one to 
three rows. Elliptical tubes are also used. 

2. Oil Natural Air Forced (ONAF). In this method the oil circulating under natural 
head transfers heat to the tank walls. The transformer tank is made hollow and air is blown 
through the hollow space to cool the transformer. The heat removed from the inner tank walls 
can be increased to five or six times that dissipated by natural means and therefore very large 
transformers can be cooled by this method. However, the normal way of cooling the 
transformers by air blast is to use radiator banks of corrugated or elleptical tubes separated 
from the transformer tank and cooled by air blast produced by fans. 

3. Oil Natural Water Forced (ONWF), In this method, copper cooling coils are 
mounted above the transformer core but below the surface of oil. Water is circulated through 
u.c cooling coils to cool the transformer. 

This method proves to be cheap where a natural water head is already available. 

The method has, however, the serious disadvantage that it employs a cooling system 
which carries water inside the oil tank. Since the water is at higher head than oil, therefore, 
in case of jeakage water in the cooling tubes will enter the transformer tank contaminating oil 
and reducing its dielectric strength. 

Since heat passes three times as rapidly from copper cooling tubes to water as from oil 
to copper tubes, the tubes are provided with fans to increase conduction of heat from oil to 
tubes. The water inlet and outlet pipes are lagged in order to prevent the moisture in the 
ambient air from condensing on the pipss and getting into the oil. 

4. Forced Circulation of Oil (OF). In large transformers the natural circulation 
of oil is insufficient for cooling the transformer and forced circulation is employed. Oil is 
circulated by a motor driven pump from the top of a transformer tank to an external cooling 
plant (heat exchanger or refrigerator) where the oil is cooled. The cold oil enters the 
transformer at the bottom of the tank. 

The method of cooling oil in the heat exchanger depends upon the condition 
obtained at the site. The methods of cooling transformers by forced circulation of oil ares 
classified accordingly a« : 

(») Oil Forced *r Natural (OFAN). In this method oil is circulated through the 
transformer with the help of a pump and cooled in a heat exchanger by natusal circulation 
of air. This method is not commonly used. However, this method proves very useful where 
the cooler., have to be well removed from the transformer. 
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(«) Oil Forced Air Farced (OFAF). The moth'>d is depicted in Fig. 7'42. The 
oil is cooled in external heat exchanges using air bla^t pr »lured by tans, It is interesting to 
note that the oil pump and fans may not bo used all the time. At l« w loads, the losses are smill 
and therefore natural circulation of oil with an OMAN condition ri \y be sufficient to cool the 
transform'r. At higher loads, the pump and the fans may be switched on by temperature, 
sensing elements. Therefore mixed cooling conditions are used, the transformer working 
with ONAN conditions upto 50% of rating and OFAF conditions at higher loads. This 
arrangement results in higher efficiency for the system. 

{Hi) Oil Forced Water Forced (OFWF). This m» thud i> shown in Fig. 3'34 m page 73. 
The heated oil is cooled in a water heat excha ger In this met hud the pn suite of oil is kept 
higher than that of water and then fore any leakage that occurs is horn oil to water. Also there 
are no condensation problems At sues, where the cooling water has a considerable head, it is 
usual to employ cascaded heat exchangers i.e. oil/water and *ater/water with the inter* 
mediate water circuit being at a low pressure. This cooling method is suitable for banks of 
transformers* but from the system reliability considerations not more than, say, three tanks 
should be connected in one cooling pump circuit. 1 he advantages of OFWF method over 
ONWF are that the transformer is smaller and the transfoimer tank does not have to contain 
cooling coils carrying water. 

The use of water as a coolant is common at generating stations, particularly hydro¬ 
electric stations, where large supply of water is available. 

Transformers with a capacity of upto 10 MVA have a cooling radiator system with 
natural cooling. 

The forced oil-and air circulation (OFAF) method is the usual one for transformers of 
capacities 30 MVA upwards. 

As stated earlier, the forced oil and water (OFWF) is used for transformers designed 
for hydro-electric plants. 

7T9. Transformer tank. Tank bodies for most of the tram formers are made from 
rolled steel plates which are fabricated to form the container. Small tanks are welded from steel 
plates while larger ones are assembled from both r plates. T h'‘ tanks are provided with lifting 
lugs. Small transformers have cooling .ubes lit into the vertical sidis, but large transformers 
require separate banks of cou.mg tubes. Such transform' rs have plain tanks with provision 
for pipe and valves to direct and control the oil flow. 

While designing tanks for trarisf imers, a lerge number of factois have to be consi 
dered. These factors include keeping the weight, stray load losses and cost a minimum, 
and it is obvious that these are requiremei ts contradictory. 

The tanks should be strong enough to withstand stresses produced by jacking and 
lifting. The size of the tank must be large enough to accommodate cores, windings, 
internal connections and also must give the requisite clearance between the windings and the 
walls. 

Aluminium is increasingly being used for transformer tanks as a means of reducing 
weight. The use of aluminium in place of steel reduces the stray magnetic fields (since iti s 
a non-magnetic material) and consequently the stray load loss. However, aluminium tanks 
are costlier. Also the use of aluminium necessitates special lifting arrangements in order 
prevent stressing of tank. However, usually aluminium tanks are made of cast aluminium 
parts mounted on a shallow mild steel tray. The mild steel tray is arranged to carry the main 
lifting and jacking members. 

Where mild steel tanks are used for units with high leakage flux, electromagnetic 
screens or shunts are used to reduce eddy current losses. 

7-20. duets. In large transformers, the cooling surface of the cores must be 

augmented otherwise temperature rise will be excessive owing to small surface/volume ratio of 
the cores. The additional surface is provided by.cooling ducts. The cooling may be (i) hori¬ 
zontal or (w) vertical. The vertical coding ducts are along the direction of laminations and 
henc* can be easily provided. The horizontal ducts are across the laminations and therefore 
require special punching of core. The oil flowing through these ducts takes away the heat. 
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In the case of vertical ducts, the heat is conducted across the laminations and since the 
thermal resistivity across the laminations is high, there is a large temperature gradient between 
the hot spot in the core and the duct. lienee, provision of vertical ducts does not improve 
the c joliug of core. However, when horizontal ducts are provided, the heat is conducted along 
the laminations and since the tlu rmai red tivity along the I initiations is only 1/20 of that 
across the core, the tem perature gradients are extremely small and therefore cooling is 
significantly improved. 

The oil must have a free access to all parts of winding. The multilayer helical windings 
have an advantage in this respect since thi y are made cods of relatively small radial depth 
and, therefore, the majority of the coil surface is exposed to oil in the vertical cooling ducts. 

The large disc type of windings have a large radial depth and they have a disadvan. 
tage th*t the majority of the coil is exposed to oil in the horizontal ducts. Where the vertical 
ducts on each side of the winding are of equal width, the oil flows up these ducts under the 
infl'nnce of pumps or nitunl convection and will not lend to enter the horizontal ducts 
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particularly when the radial depth of the winding is large. Therefore, baffles are used to 
direct the rising stream of oil to flow in the horizontal ducts. This arrangement is shown in 
Fig. 7 43. 

7‘21. Transformer Oil. One of the mod important factors which determine the 
life and satisfactory operation of a transformer is the oil in which it is immersed. 

The transformer oil has two prime functions : 

(t) To create an acceptable level of insulation in conjunction with insulated condu¬ 
ctors and coils. 

(**) To provide a cooling medium capable of extracting quantities of heat without 
deterioration as an insulating medium. 

Transformer oil is mineral oil (clean hydrocirb >n oil) obtained by refining crude 
petroleum. Vegetable and animals oils are not used in tr tnsformers as they form fatty 
acids that attack the fibrous insulating m iterials used. 

Some of the important characteristics necessary or desirable in transformer oil are 
described below : 

1. Electric Strength, The transformer oil should have a high dielectric strength 
in order to minimize clearances between coils and from windings to tank. According to 
IS 335— 1972 “ Specifications for new insulating oils for transformer,-, and switchgear”, the 
minimum electric strength of new oils should be 3 kV/mm (rn >). 

The resistivity of new transformer oils is more than 13 X l()'° Qm. However, if dust 
and small fibres are present in oil, they tend to align themselves along electric lines of force 
thereby forming paths oflow resistivity which may cause electric failure. 

2. Resistance to emulsion The oil should have a high resistance to emulsion in 
order to prevent holding water in suspension in it. This is because even a small trace of 
moisture severely reduces the electric strength of oil. The oil should not to be allowed to 
come in contact with moisture. 

3. Viscosity. The viscosity of transformer oil should be small to permit rapid 
circulation of oil. 

4. Purity. The oil must not contain any acid, alkali, and alphur compounds as 
these cause corrosion of metal parts and insulation. 

Sulphur compounds, if present, accelerate the production of sludge. 

5. FlaslkPoint. The flash point is the temperature ut which oil vapour igmtds 
spontaneously. The flash point of an oil characterises its tendency to evaporate. The Tower 
the flash point the greater is the vaporization of oil. When an oil vapourises it loses in 
volume, its viscosity rises, and an explosive mixture may be formed. The flash point of 
transformer oil should be higher than 104°C. 

6. Sludge formation. Sludging means the slow formation of solid hydrocarbons 
due to heating and oxidation. The sludge deposits itself on windings, tank walls and in 
cooling ducts. Sludge is a poor conductor of heat and therefore it produces temperature 
gradients across winding insulat ; on causing overheating of conductors. The deposition of 
sludge in the oil duct does not allow the oil to circulate freely thereby impairing cooling. The 
resultant increased temperature produces more sludge. This process of sludge formation and 
consequent overheating will continue till the transformer becomes unserviceable. There¬ 
fore, contact of oil with air should be avoided in order to prevent sludge formation (since 
oxygen in w causes oxidation). 

Transformer ait tends to deteriorate in sendee, but this tendency can be greatly reduced ' 
by paying attention to .’eroformer operating conditions and to oil itself when this is shown 
to be necessary as the result of regular tests, the most important factors are ; 

(I) operating temperature, «*) atmospheric conditions particularly inside stations, 
(*tf) electric strength ip) moisttrfte, and other contamination, (*) sludge formation. 
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If the oil is found to contain moisture- or su. funded contaminants it should be filtered 
or if this treatment is considered to be inadequate, the oil should be replaced by fresh charge. 
Transforme- oil is normally tested once every year and, if found below standard, may be 
treated by a centrifuge or filter unit. 

7"22. Terminals and Leads. The connections to the windings are of insulated 
copper rods or bars. The shape and size of 1 -ads is important in high voltage transformers 
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Fig. 7*44. High-voltage oil-filled bushing. 
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owing to dielectric stress ami corona which are caused at btmk an.1 cormrs. Sharp edges 
and corners should be avoided 

723 Bushings. Transformers are connected to high voltage lines, and, 
therefore, care must be tak< n to prevent H.ishover from the high voltage connect*.>n to the 
earthed bank. Connections for cables are made m cable boxes, but overhead connections 
must be brought through bushings specifically designed for various volt, fje classes. 

The bushing consists of a current carrying part in the form of a conducting rod, bus 
or cable, a porcelain cylinder installed in a hole in the transformer cover and used for' 
isolating the current carrying part. 


The simplest bushing is a moulded, high quality glazed porcelain insulator with a 
conductor through its centre. This bushing is used for voltages upto 33 kV. The porcelain 
bushings used for indo >r use have a smooth surface or slightly finned surface;. The outside 
(upper part) of the bushing used fi r transformers working outdoors is made with petticoats 
to protect the lower fins against water in rainy weather. 


The bushings used for transformers having voltages above 3G kV aie either oil filled 
or capacitor type. The oil filled bushing (Fig. 7‘44) consists of a hollow two part porcelain 
cylinder with a conductor, usually a cylindi r, passing through its axis. The space between 
the conductor and the inner surface of the porcelain is filled with oil. The oil is contained 
separately from the oil in the transformer tank. The top of the bushing is connected to a 
small expansion chamber required to accommodate variations in the volume of the oil due; to 
change in operating temperature. 7 here is a provision for current transformer at the lower 
end of the bushing. The arrangement is such that the bushing can be removed without 
disturbing the current transformer. The capacitor bushing is made up of layers of synthetic 
resin bonded paper (s.r.b.p.) interleaved with thin layers of metal foil or paper impregnated 
with conducting material. The result is a series of capacitors with a capacitor formed by 
two layers of metal foil with s.r.b.p. cylinder inbetween. The variation in length of metal 
foils and the thickness of s.r.b.p. cylinders is so arranged that th* re is a uniform distribution 
of dielectric stress throughout the radial depth i.e. along the radius of the bushing. 


7 24. Tappings and Tap changing. The voltage of power networks 
transformers can be controlled by changing the ratio of trans¬ 
formation of the transformers. The change in ratio of 
transformation can be affected by providing tappings on the 
transformer windings. The tappings are connections provided 
at different places in the windings and therefore, the number of 
turns included in the “— -r„.„, 
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tappings used in a transformer are shown in 




Fig. 7'43. Transformer 
tappings. 


Consider a 3 phase, 11 k V/0.4 k V» distribution transformer. There is always a 
tapping on the h.v. winding which when connected to rated voltage (11 kV) gives rated voltage 
(400 volt in this case) on the l.v. side. This tapping is called the principal tapping. The 
prinripJ tapping is that to which the raring of the winding is related. 

The number of turns included at other taps may be either greater or lener than the 
number of turns used at principal tapping. The tapping at which the turns inducted are 
more than that of the principal tapping is called positive tapping, while a tapping at which 
the number of turns included is less than the number of turns included at prinidpel tapping 
is called negative tapping. 
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The tappings are provided on the high voltage (h.v.) winding because of the following- 
reasons : 

(i) the number of the turns in h.v. winding is large and therefore a fine voltage 
regulation is obtained. 

(»{) it may not be possible to provide correct voltage regulation by using tappings on 
the l.v. side because of the smaller number of turns. Suppose, it is desired to obtain 
±‘4% voltage regulation in a 3 phase, 6 6 kV/400V, delta/star connected trans¬ 
former designed for 11.55V/tum. The voltage per phase on the l.v. side is 
400/V'3“ S! '23lV. The number of turns are, 231/11.55—20. It is possible to tap a 
whole number of turns. The minimum number of turns that is possible to 
tap is 1 .Therefore, the minimum voltage regulation possible in this transformer by 
providing tappings on the l.v. side is ±11 55 V or ±5% and hence it is not possible 
to obtain a voltage regulation of ±2$% with taps on the secondary side. 

(iti) The current on the l.v. side of high capacity transmission and generation trans¬ 
formers is very high. Therefore, provision of tappings on the l.v. windings for 
these transformers is impracticable on account of the difficulties encountered in 
interruption of high currents. 

(iv) The l.v. winding is placed on the inside nearer to the cores while the h.v. 
winding is placed on the outside. Therefore, on account of the practical 
considerations, it is simpler to provide tappings on the high, voltage winding. 

(r) There is an additional advantage of providing tappings on high voltage winding 
of step down transformers. The voltage on low voltage side of these transformers 
increases on light loads. Therefore, in order to decrease this voltage, the tapping 
on the high voltage side is adjusted to such a position where the number of turns 
is large. The large number of turns decreases the flux and the flux density. This 
reduces the core loss which in turn increases the efficiency of the transformers at 
low loads.' 

The voltage control in electric supply networks is required on account of many 
reasons. These include : 

(i) adjustment of t oltage at consumers’ premises within statutory limits. 

(it) control of active and reactive power, and 

(tit) adjustments of short period (1—2%), daily (3—5%) and seasonal (5—10%) 
voltage variations in accordance with variations of load. 

Location of tappings is partly a constructional question. The tappings can be pro¬ 
vided at the phase ends, at the neutral point, or in the middle of the winnings. The advan¬ 
tage of providing tappings at phase ends is that the number of bushing insulators is reduced. 
This is important, where the transformer cover space is limited. Some transformers have 
reinforced insulation at the phase ends, it is essential that in such cases either the tappings 
should not be provided or the re-infnrcement should be carried beyond the lowest tap. 
When the typings are made at the neutral point the insulation between various parts is small. 
This arrangement is economical especially in the case of high voltage transformers. When a 
large voltage variation is required, tappings should be near the centres of phase windings to 
seduce magnetic assymmetry. However, this arrangement cannot be used on l.v. windings 
placed next to the core. 

The different methods of providing tappings on a transformer are shown in Fig. 7.46. 

The tappings are potential source of axial magnetic assymmetry in a transformer. 
This is on account of the fact that the number of turns in the winding that is provided with 
tappings is altered while the number of turns in the other winding remain the same. Therefore, 
it is dear that cutting in or cutting out a part of the transformer winding would cause a mmf 
unbalance, thereby producing a magnetic assymmetry in the axial direction. This magnetic 
assymmetry produces large mechanical forces and consequent displacement of windings in 
the axial direction in case of faults. 
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The tappings are on one end of the windings as shown in Fig. 7'46 (a) in the case of 
small transformers while they arc arranged at the centre of the windings of larger transformers 
as shown in ( b) and (c). The axial mmf unbalance can be significantly reduced by thinning a 



(a) (b) 1c) Id) te) (t) (?) 


Fig. 7-46. Position of tappings. 

part of the l.v. windir g which is radically opposite to the part of the h.v. where the tappings are 
provided. This it shown in {d). The axial mmf unbalance is also reduced by adopting winding 
arrangements where parts of thi winding are balanced more symmetrically as shown in (d) 
and (e). 

The axial mmf balance may also be achevied by splitting the untapped winding into 
a number of parts and then connecting these parts in parallel This arrangement is shown 
in ( 0 ). 

The tappings may be changed when the transformer is disconnect'd from the supply. 
This is called off-circuit tap changing. The off-circuit tap changing is used for occasional 
adjustments, as in distribution transformers which are provided wilh ±5% and ±2$% taps, 
T ie tapp’ngs mxy also be changed while the transformer is energized or on load. This is 
kuown as on loan tap changing. Daily and short time voltage adjustments are done with 
the help of on-load tap-changing gear. 

The off-circuit and on load tap changing arrangements arc described below. 

Off circuit tap changing. As the name suggests, the tapping* are changed by discon¬ 
necting the transformer from the supply. This adjustment is carried out by tapping the respec¬ 
tive windings as required and bringing the connections of tappings to some position near the top 
of the transformer. The change of tappings is done manually through hand holes provided in 
the cover. Another arrangement employs reconnection that can be made by carrying the tapping 
leads through th? cover for changing either by hand or by manually operated switches. The 
commonly used switches are : (») vertical tapping switches and {it) faceplate switches. 

One form of selector switch used for off-load tap changers is shown in Fig. 7.47. This 
arrangement is commonly us^d for providing £5% 
tappings in steps of ±2*%. Six brass or copper 
terminals are mounted on an insulating base and a 
contactor is mounted on an arm attached to the shaft. 

Taps are brought out of middle part of the winding 
and connected to the terminals of tap changer. The 
shaft is turned from one position to the next, the 
contactor connects adjacent pair of the stationary 
terminals. 

With the contactor in the position shown, the 
selector switch connects taps 3 and 4 and therefore all 
the turns in both parts of the winding arc in use. If 
the contactor is moved one point to the right, it 
makes a connection between taps 2 and 4, thus 
cutting out part of the winding between taps 2 and 
3. The neat step connects taps2 and5andcuts 
part of the winding between taps 4 and 5. These 
parts of the windings are cut out in steps, until the 



Fig. 7.47. Off-load tap charser. 
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final position which connects tapi 1 anJ 6 This position leaves minimum number of turns 
in the winding. 

There are five portions of the switch. These positions correspond to five different volta- 
ges. Supposing it is desired to obtain ±5% i emulation in steps of ±2$%. The switch which 
correspxids to normal voltage is on taps 2 and 6. Assuming-that the winding which is tapped 
is the primary winding, the regulation at other switch positions is 


Taps 

4.2 


5. 1 

1.6 

Regulation 

— 21% 
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2. On-load tap changing. When a transformer is connected to a system it is 
necessary' that arrangements be provided to vary the voltage on the secondary side in order 
to maintain normal voltage under load conditions. In the case of on-load tap changing, 
this variation is made when the load is on, and hence the tap changing gear must be cap* 
able of c tanging the turns ratio without interruption of supply. It is invariable practice 
to connect the taping; at the neutral end of high voltage windings of a generator 
transformer. 

The tappings on the windings are brought out through a terminal board to separate oil 
filled compartment in which th * on load tap-changer switch is housed. Ti e tap changer is 
in the form of a selector switch. The tap changer is operated by a motor operated driving 
mechanism by loc d or remote control and a handle is fitted for u.anual operation in case 
of an emergency. 

The essential feature of an on*load tap*changing gear is the maintenance of circuit 
continuity throughout the tap changing operation. The ci.c.uiimu>t not be broken other¬ 
wise there will be discontinuity of supply to load. Therefoie, r? the sector switch must 
not break current, a additional separate oil filled compartment is u>ed to house the diverter 
switch which breaks the load current by an interrupted arc. This causes formation of 
carbon and therefore the oil in the diverter switch compartment must be prevented from 
mixing with the oil in the main tank. The oil in 
the selector switch tank may be connected directly 
to main transformer oil through the conservator. 

As mentioned earlier, the tap changing takes 
place when the load is on and hence in order to 
maintain continuity of supply to the load, before 
one tapping is left opened, contact must of made 
to the next tapping. Therefore, the selectors witch 
is on*load tap changr rs is a make before a break 
twitch and during the period of transition 
from one tap to another, momentary connection 
must be made betwe n the adjacent tap;. This 
results m short circuiting of turns between the adi 
jacent tappings. Therefore, the short circuit current 
roust be limited by including resistors or reactors. 

Reactors have been used'fort his purpose earlier, but 
in modern equipmer t it is usual to use two resistors 
for this purpose. 

Fig. 7 48 shows a typical winding connection 
for a high speed re<istc r type or-Ioad tap changer 
provided at the neutral end of each phase of windings 
of a star connected 3 phase transformer. One selector 
twitch, St is on tap 1 and the other S t on tap 2. 

The diverter switch, S 9t is shown connecting tap 1 
to the neutral point of the transformer winding 
and the switching sequence for change over to tap 2 
is's follows: 



Selector 

switch 

®» 


Fig. 7*48. On-load neutral terminal tap 
changer. 
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I. Contacts o and b are closed (resistance R\ shorted) as shown. The toad currem 
flows from tap through contact b. 1 his is the running position at tap 1. 

2. An external mechanism moves the diverter switch contact b opens. The 
load current from tap 1 now flows through resistance and contact a. 

3* As the moving contact of S a continues its travel further to the left, contact d 
closes and resistance R t is open circuited. Both the resistances R\ and R, are connected 
across taps 1 and 2 and the load current flows through these resistances to their mid 
point (junction of a and d). 

4. When S a moves still further to the left, contact a is opened. The load, current flows 
from tap 2 through resistance R, and contact d. 

5. Finally, as the diverter switch S 3 reaches the extreme left position, contact a 
closes and resistance R t is short circuited. The load current from tap 2 flows through 
contact a. This is the running position for tap 2. 

It is observed that tap change from tap 1 to tap 2 as described above does not involve 
any movement of selector switches 5, and S a . 

However, a further tap change in the same direction, i.e. from tap2tOtap3.il 
required, fhe selector switch Si is moved to tap 3 before the diverter switch, S 9 moves. The 
diverter switch then follows the sequence described above but in the reverse order. 

In order to limit the loss of energy, it is essential that the resistors be kept in circuit 
for as minimum of time as possible. The resistors are designed for short time rating for 
economical considerations and therefore, it is desirable to minimize their time of duty. 
Therefore, some form of energy storage must be incorporated in the driving mechanism to 
ensure that tap change, once initiated, shall be completed even in case of failure of auxiliary 
control supply. All modern on load tap changers use springs energy as storage elements. 
They reduce the time that a resistor is in the circuit to a few periods. 

Such a tap changer is compact in size, and high speed breaking reduces the contact 
wear. The current breaking is cased by the fact that the short circuit resistor current has 
unity power factor, \ 

7'24. Conservator and breather. The satisfactory operation of transformers 
depends so largely on the condition of oil and therefore devices and methods for beeping the 
oil clean and dry are of prime importance. 

The oil level of a transformer changes with changes the temperature rise of oil which 
in turn depends upon the load on the transformer. The oil expands if the load Increases 
and contracts when it decreases. Therefore, provision must be made to take up this expan* 
sion and contraction of oil. 

Smaller transformers are not totally filled with oil and some space is left between 
oil level and the tank cover. This space is taken by air. The tank is connected to Itie atmo* 
sphere through a vent pipe. When the oil expands, air is expelled out while if It contracts 
air is drawn in from the atmosphere. This is called breathing of transformer. 'The air 
entering the transformer is pissed through an apparatus called bremmer for the purposes of 
extracting moisture from it. A breather consists of a small container cCpnected to the Vent pipe 
and contains a dehydrating material like silica gel crystals impregnaVM with cobalt chloride. 
The material is blue when dry and a whitish pink when damp. Tl^ colour can be '’'wvtd 
through a glass window provided in front of the container. 

Breathers alone are not sufficient for protection of large and MspCftant poy trans> 
formers became: 

(i) these transformers are liable to overloads which may cwAMmI the o§ tad cons* 
quently there is sludge formation if air is present. * 
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(it) Occasionally such transformers also suffer short circuits and temperature rise 
becomes very high. This causes vapourization of a part of the oil. The oil vapours form 
explosive mixture with air which ignites and can cause considerable damage. 

For these reasons oil is prevented from having contact with air as well as moisture. 
Conservator) are used for this purpose. The function of the conservator is to take up 
expansion and contraction of the oil without allowing it to come in contact with ambient 
air, from which it might absorb moisture. 

The conservator is an airtight cylindrical drum mounted on or near the cover of the 
transformer and connected to it through a small pipe as shown in Fig. 7'49. The oil is set so 
that the transformer tank is entirly full with oil and the conservator is about half full. The 
interior of the conservator above the oil level is connected to the atmosphere through a 
blather having dehydrating material. 

With the use of conservators, interchange of oil between conservator and main tank 
at a result of temperature changes is slow. Also dry is in contact with much smaller 
surface of relatively cool oil. Hence the sludge formation is considerably reduced 
and whatever sludge is formed remains in the conservator there being no sludge formation in 
the main tank. This is a great improvement over the ordinary tank with air space above 
the oil. 

7‘25. Explosion Vent. In order to guard against the possibility of a sudd n high 
pressure caused by a breakdown or a short circuit in the transformer winding, a diaphragm 
relief device is used. This device consists of a large opening to the atmosphere covered 
by a thin non-mctall c diaphragm. The diaphragm bursts if the pressure inside the tank 
tMKomes excessive. The relief device must be above the level of oil in the conservator in 
order to prevent an overflow of oil in case the device operates, 

7*26. Temperature Indicators. The most obvious indicator of transformer 
temperature is the temperature of the hot oil. The oil temperature is measured by a dial 
type thermometer. The bulb of the thermometer is mounted in the oil and the dial is 
mounted outside the tank. 

However, oil temperature is not a reliable measure of the winding temperature 
especially under sudden over-loads which cause the winding temperature to rise more rapidly 
than the oil temperature. Therefore, it is desirable to rise an indicator which a ill show the 
actual temperature of hot spot in the windings. 

Winding temperature indicator is a thermometer with a bulb. The thermometer is 
immersed in oil and the bulb is heated by heaters which carry a current proportional to the 
winding current. Thf rcfore, the reading of the thermometer is an analogue indication of 
winding temperature. 

7*27. Bachhols Relay. It is a gas and oil actuated, protective device and is used 
practically in alt oil immersed transformers with the exception of smaller distribution traps- 
formers. Buchholz relay is used for protectionof, transformer against faults developed in pde 
the transformer. The device relies on the fact that an electrical fault in side the transformer 
tank is -iccompiniei by generation of gis, and if the fault current is high enough by a 
surge of oil from the tank to the conservator. 

The Buchholz relay is particularly useful in that it is capable of detecting fault condi¬ 
tions of very low magnitude such rta intertum faults, incipient wind! tg faults, and core faults 
due, for example, to core bolt insulation failure which gives rise to short circuit and subse¬ 
quent arcing and gas. 

The use of a Buchholz relay is possible only with transformers having conservators 
and the relay is placed between transformer tank and the conservator as shown in 
Fig. 7*49 (a). 
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A Buchholz relay consists of an oil filled chamber as shown in Fig 7 49 (6). It contains 
two floats, the top float F , and the bottom float Both the floats are hinged so as to be 
pressed by their buoyancy against two stops. When these floats sink, each of them short 
circuits two contacts thereby closing a circuit which gives a warning about the fault. 

The operation of the Buchholz relay can be explained as under : 

In case a fault occurs, gas bubbles are generated in the transformer tank on account 
of increased heating produced by faults currents. These bubbles rise and go towards the 
conservator through the pipe line. The gas bubbles are trapped in the upper pari of the 
relay chamber and since the chamber is full of oil, the oil is displace d which lowers the top 
float F x - The float sinks ultimately thereby causing the closure of contacts of the "alarm 
circuit". 




A small window in the wall of the relay chamber shows the amount of gas trapp* 
ed and its colour. A sample of the gas may be withdrawn and analysed. The amount of 
gas is. indicative of the severity of the fault while the colour of the gas indicates the nature of 
the fault since the faults occurring in cores and windings produce gases of different colour. 

In case the fault is not severe, the generation of mis is not sufficient ao as to lower the 
level of oil to the extent to affect the bottom float t%. Therefore, in case of mild faults intide 
the transformer, the bottom float F t remains unaffected. 

However, in the cate of severe faults, such as short circuits between phases or to 
earth, and faults in the tap changing.gear, the gas proiictty becomes violent and ausea a 
surge which cause the bottom float J*i to fall and close * the contacts of a “trip cirouit' 1 , 
Thu trip circuit energizes the relay of a circuit breaker which open circuits the transformer 
thereby clearing the fault. 
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7*29. Output of Transformer. Let 

<&■»== main flux, Wb ; iim 3 * maximum flux density, Wb/m* ; 

8*current density A/m 1 *, Arf^gross cor, area, m* ; 

A{*= net core area, m*=stacking factor Xgross core area ; 

A e — area of copper in the window, m* ; Aw=* window area, m J ; 

D=di‘,tance between core centres, m ; 
d=*diameter of circumscribing circle, m ; 

window space factor ; frequency, Hz, E t —emf per turn, V ; 

Tp, number o turns in primary and secondary windings respectively ; 

Ip, /•■= current in primary and secondary windings respectively, A ; 

V r , F»»t* rminal voltage of primary and secondary windings respectively, V ; 
ap , a*=area of conductors of primary and secondary windings respectively, m* ; 
l<—mean length of flux path in iron, m ; 

£*,<«=■ length of mean turn of transformer windings, m ; 

Ot— weight of active iron, kg ; (?»=* weight of copper, kg ; 
gi** weight per m* of iron, kg ; weight per m® of ropper, kg ; 
p<=loss in iron per kg, W ; j>o=»loss in copper per kg, W. 

(») Single Phase Transformers. The voltage induced in a transformer winding 
with T turns and excited by a source having a frequency / Hz is given by : 

E 

Voltage per turn *=4*44 f.Qm. ...(7*1) 


The window in a single phase transformer contains one primary and one secondary 
winding. 

Total copper area in window 

•4®“= copper area of primary winding+copper area of secondary winding, 

^primary turns X area of primary conductor+secondary turns X area of 
secondary conductor 

■Tp ap+Tt a*• 


Taking the current density 8 to be the same in both primary and secondary windings. 
op—Ipl$ and Oi=/«/8 

.*. Total conductor area in window A***Tp. Ipl&+T». I,/b*a(TpI „-f- T,l,)fi 

2AT , 

-”T"" -t 7 ' 2 ) 


as Tplp^TJt—'AT if we neglect magnetising mmf. 

The window space factor Km is defined as-the ratio of copper area in window to total 
area of window, 

K conductor area in window ^ At 
08 *f* total area of window ** Am 

Conductor ana in window A^KmAm ...(7*8) 

From Eqn. 7*2 and 7*3, 2 AT/t-KmA* 



AT 


KmAmt 

2 
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Rating of a single phase transformer in kVA 
y=V,[ P . \0~*~EpI P . 10“» 

VtTpfp . HP-A AT 10~» 


(as Vp is approximately equal to Ep) 


— Et K "f — ■ 10-»=4-44/<P»^~- HP 

• 2 - 2 ?/«bJr»A,». HP ...(7*5) 

Hut #». -maximum flux density Xnet area of core=.&i*.d< 

€=2'22/ Bm&KvAm AiXlO -3 kVA ...(7 6) 

,'it) Three Phase Trans former a. In the case of three phase transformers, each 
window contains two primary and two secondary windings. 

Proceeding as in the case of single phase transformers. 

To! .1 conductor area in each window At^2{apT,A-a»Tt) 

2 (I v Tplh+I t T.I&)=2{lpT,+l,T,)/S 

■ ...<7'7> 

Total conductor area is also equal to K*A». 4ATf$—K*Aw 

o: AT~ ...(7-8) 


Rating of a three phase transformer in kVA 

3 V P I, 10 3 **3 Ep}, 10"**“3 EtTpl,=3 Et AT 

^3:4Uf^x^—xl0^S33f<>mKmA m tx]0-* ...(7 9) 

-3-33/5»*^*A,AxlO-* ..(7T0) 

7‘3§, Ontpat Equation—-Volt per turn. Considering the output of one phase. 
.kVA rating of one phase 

Q^I,V, . 10'*»r„x4-44/«>« Tp . 10-»-4-44/4>* AT . 10~* ...(7T1) 

I cie ratio ®a»/.4T is a constant for a transformer of a given type, service and method 
of construction, l et $*/d!T«»r where r is a constant. 


From Eqn. ? 11 

€-*444 flW/ AT 10“ ,s =*4‘44 <&•/— HP 

“*4‘4‘1 4W*— . 10"* or #«»■"./ — yf ~q 
r \ 4 44/ ^ v 

Voltage per turn A*“4'44 / <W«“4 , 44/ ^ • Q ^ 1 

-V4 44/r. 10* . <Tq~kVQ ...(7 12) 

wham £-V 4 44 >. l6**“(4-44/^y- x 10*) * ...(7*13) 

' •( 

At the ratio IW/AT depends upon type of transformer and therefore £ is also a cons- 
tapt~yrhose value depend! upon type, service conditions and method of contraction. 
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Table 7 2 gives values of constant K ior different types of transformers. 

Table 7*2 


Typ* 

! 

Sin le phase shell type 

10 to 1-2 

Single phase core type 

0 75 to 0 8J 

Three phase shell type 

13 

Three phtse core type (distribution) 

045 

Three phase core type (power) 

0-6 to 0-7 


7*31. Ratio of iron lose to copper loss. Copper loss per m*»pS* ...(7 14) 

Taking resistivity of copper as 21 X 10"* Qm at 75° and its density as 8 9 x 10* kg/m*. 
Copper lo» per kg at 75 # C ».*. specific copper loss 


^'ax'lV **- 2 ' 36xir " » W /‘* ..(715) 

where 2»■ current density, A/m*. 

In addition to above we must take into consideration the stray lead loss which may 
be 5 to 25 per cent of copper lo s. Total copper loss fPe=j>eG«. 

Total iron loss per kg i.e. specific iron loss pi can be found from the loss curves. Total 
iron loss Wt^pdt. 


Ratio of iron loss to copper loss 

Pi p<Gi 
P, " jM3, 


...(716) 


When the densities in the iron and copper are fixed, the loss per kg for iron and copper 
can readily be determined. The ratio of weights for a given ratio of losses can easily 
be calculated from Eqn. 7*16. The ratio of weight of iron to weight of copper 
generally lies between 1*5 to 3’0 for distribution transformers. For small capacity, single 
phase core type transformers, the ratio of weights is often less than 1 - 5. For high voltage 
power transformers, it may be twice the values given above. 

7*32. Relation between core area and weight of iron and copper From 
Eqn. 7*6, kVA output of a single phase transformer 

Q—222 fBmlKwAmAiX 10 "» 


Now weight of iron Ai h gt and weight of copper <?«»2 < 
primary and the secondary windings are taken to be equal. 

eZCT- « JT-A.-20,7-,. 

Q t L a fTflmt 9i KmAmLmi g» 


of the primary 
Ratio 


W umi ye u me WeigntS 


If the ratio of mean length of the magnetic circuit to the mean length of turn of the 
winding is assumed to be constant, which is approximately true for a given type of trans. 
former, then 

■fr- 0 * Wld *’* "her* 


MS 
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Substituting the value of R*A * in fcqn. 7*6, 

0 c 


or area of core At 

where C 

. Taking 


g-2’22 fBm* C x -g-At* X 10“* 

* fJL 

MfBm ' 0, 

.f-JOL-Y V_!_i=! , j£. XI0 ,V 

l 2 22 C, / 222 I, „ * 10 ) 


!?!--»7'8 X I0 8 kg/m 8 and fc=»8'9x 10* kg/m 8 
C'=22‘67\/ L m t/U 
For tiiree phase transformers 


-(■ 


V3 X W 22 h 

L. f* y ins 

6 66 U gt XI ° 

Typical values of ratio Imt/lt for different types of transformers are : 

Single phase core type—0*3 to 0*55 
Three phase core type—0*17 to 0*5 
Single phase shell type—12 to 2. 

•"T33. Optimum designs. Transformers may be designed to make one of the 
following quantities as minimum. 


9* 


9* 

V* 


xio 8 




■I 



...(717) 

..(7*18) 

...(719) 


-..(7*20) 

-..(721) 


(») Total volume (»») total weight, (iff) total cost, (iv) total losses. In general, these 
requirements are contradictory and it is normally pwsible to satisfy only one of them. All 
these quantities vary with ratio r-QmfAT. If we choose a high value of r, the flux becomes 
larger and comequently a largj core crO<s section is neede 1/which results in higher volume 
weight, and cost of iron and also gives a higher iron loss. Oa the other hand owing to decrease 
in the value of AT the volum j, weight and cost of copper required decreases and also the 
/*£ lossei decrease Thus we conclude that the value of r is a controlling factor for the 
above mentioned quantities. 

7 33 1. Design for minimum cost. Let us consider a single phase transformer 
Its kVA output is: 


<2-2*22 / BmiKwA»Ai X 10-«»2 22 fBJtAJLiX i£T*. 

Assuming that the flux and current densities are constant, we see that for a transformer 
of given rating the product A»At is constant. Let this product A«At— M* ...({) 

The optimum design problem is, therefore, that of determining the minimum value of 
total cost. 


„ Now, 


r**QnlAT and 


2 BmA* 

U 


BmAi 
At 
A . " 


and AT—*jr»A»/2—3A«/2 



•vhere is a function of r only as B* and 3 are constant. 

Thus from (i) and (ff) we have 

At-JfVT «nd d.-Jf/VT 

Let (7s—total cost of transformer active materials, 

0<« total cost of iron, and ft-totti cost of conductor 
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•B’CiQiliAi+Ctf'LmtAc. 

where c< and c« are the specific costs of iron and copper respectively 

Now, Ct—agdi m4 p +c*g c Lmt MiV P 
Differentiating C% with respect to p, 

cm U ~ Cc ffe Lmt Jfp"»' 8 

u dCt „ 

For minimum cost — *0 

«P 

ctgdi^Ccgt Lmt p _I or cmU=*r t g f Lmt 

or CigdtAt—Ctge Lmt At or ctOt^CeGe 

or Ct**Ce 


Hence, for minimum total cost, the cost of iron must equal the cost of conductor. 

Now Ot/Oe^Ce/ct for minimum cost. f 

Knowing the value of specific costs of iron and conductor the ratio of weight of 
iron to conductor can be determined. This can be substituted in Eqn. 7 17 to determine 
the core area which gives minimum cost for the transformer. 

Similar conditions apply to other quantities e.g.. 

For minimum volume of transformer : Volume of iron=»volume of conductor 
Gilgi**Q«lg c or Gt/Go—gi/go 
For minimum weight of transformer 

weight of iron**weight of conductor or Gt^Gc. 

For minimum losses in transformer i.e., for maximum efficiency, 
iron loss—/“.ft loss in conductor or Pt=*x 2 Pc 


7 33 2. Design for minimum loss or maximum efficiency. 

Total losses at full load=P<+P fl 

At any fraction x of full load, the total losses arc PH-x* Pi 

If Q is the output at full load, the output at fraction x of full load is xQ. 

*Q 


Efficiency at output xQ, i}»* 


xQ+Pi+Z^Pe 


or 


This efficiency is maximum when =0 

_ , di)x (*(g+P<4**P«i)0— xQ (Q+2xP f ) 

Differentiating tj . we have =- (Sg+j\Hhi»>i)i- 

For maximum efficiency, (xQ+Pi+x 2 Pe) Q—xQ (Q42xP»)—0 
I Pi~X*P„ 


So that the m aximum efficiency is obtained when the variable losses are equal to tbe 
constant losses. 

From Eqn. T 16, we have : 

P* 

P, 

• gs^ i^ gi or x*~ for maximum efficiency. 

•* p,Qe Qe pt ’ 
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Now knowing the values of densities in iron and cop[>er the specific losses pt midp* 
can be determined and the value o.f x i the fraction of lull load where the maximum 
efficiency occurs depends upon the service c editions of the transformer and is, therefore, 
known. Thus ratio OtlOe is known and its value i; put in Eqn. 7'17 to get the core area for 
maximum efficiency. 

734. Variation of output and losses in transformers with linear dimensions. 

Consider two transformers of sanv: typ: with all their linear dimensions in the ratio x : 1 and 
having the same flux d unity, current density, frequency and window space factor. Let the 
transformer with dimensions x times !>; call *d .1 and the other transformer B. 


Output. From Eqns. 7*6 and 7 10, output of single and three phase transformers i* 
Output oc /fim$ KwAwAi 

Now /, B m 3 and K* are constants, window area A* oc x 8 and net iron area At oc x*. 
Output OC x s X a; 2 cc x*. 

Hence output of transformer A is x 1 times that of B. 


Losses. Total PR loss®/ 2 !? lo<s in prim iry-hPR loss in secondary 
w. l P * 'Tppl.mtp pLmu 

, <*p «* 


(Lmtp, L«o n length of mean turn of primary ar.d secondar> windings respectively) 
Now /p^Sap ana /»=8a. 

Total PR loss® 3*p (apTpLmtp+a,T,Lmu) ®8*p X volume of copper. 

Now 3 and p are constants and volume of copper oc x*. 

Hence total PR loss oc ** 

Thus PR loss of transformer A is x* times that of transformer B. 


The specific iron loss i.e. loss per unit volume is constant if flux density and frequency 
are constant. 

Total Iron loss®loss per unit volume Xvolume 
oc volume oc x*. 

'Both PR and iron losses vary as the third power of linear dimensions. 

Total losses oc x*. 

This means that losses of transformer A are x* times that of transformer B. 

7'35. Design of core. The core section for core type of transformers may be rect¬ 
angular, square or stepped. Shell type transformers use cores with'rectangular cross-section. 


7 351. Rectangular core. For core type distribution transformers and small power 
transformers for moderate and low voltage, the rectangular shaped core section may be 
used. The ratio of depth to width of core varies between 1*4 to 2. Rectangular shaped 
coils are used for rectangular cores. 

Bor a shell type transformer width of central limb is 2 to 3 times the depth of core 

735 2. Square and Stepped corea. When circular coils are required for high 
voltage distribution and power transformers, square and stepped cores are used. Circular 
trails are preferred because of their superior mechanical characteristics. A transformer coil, 
lender mechanical stresses produced by excessive leakage flux due to short circuits, tends to 
’ assume a circular form. On circular coils, these forces are radial and there is no tendency 
for the coil to change its shape ; on rectangular coils the forces are perpendicular to the con* 
ductors and tend to give the coil a circular form, thus deforming it. 
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With 



■,l„ • , Core transformers nf small sizes, ■dniplt rectangular core can be useri with 

etther circular or rectangular coils. As the size of the tr.i.oH»,nn . 
increases, it becom s wasteful to me rectangular coirs, l or Hus 
purpose the cores are square shaped as shown in 1’jg. 7 51. I In- 

circle represents the inner surface of the tubular form tarrying 
, a w indings. This circle is known as the circumscribing 
C . e * C, * rl y a lo * of useful space is wasted, the Icr.gih of 
circumference of circumscribing circle being large in <>.mpiiii M n 
with ltscross-section. This means that the length of mean turn 
of winding is increased giving rise to higher Pit Iosmv an,I con- 

due tor costs. 

F '«- 7 51 Square core section 

shown crociform cores, which utilize the space better, arc used as 

sfejwn in Ftg. 7 51. As the space utilization is better with cru¬ 
ciform cores, the diameter of circumscribing circl:> is smaller 
than with square cores of the same area. Tims the length of 
mean turn of cupper is reduced with consequent reduction in 
cost of copper. It should be kept in mind that two different 
sizes of laminations are used in cruciform cores. 

With large transformers, further steps are introduced to 
utilize the core space which reduces the length of mean turn 
with consequent reduction in both c ,st of copper and copper loss. 

It would seem that we can ga on introducing steps with 
resultant reduction, in cost of winding. However, with larger Fig 7-52. Cruciform core 
number of steps a large number of sizes oflaminations have to be used. This results in higher 
labour charges for shearing and assembling different types oflaminations. Thus the reduction 
m winding costs with a certain numb r of steps has to be balanced with the extra labour costs 
I he number of steps to be used for a particular transformer have to be decided bv the above 
considerations. 7 

1. Sqoare Cores. Referring to Fig. 7*51 

Gross area of core A,rt=a a =(0‘7l<i) 2 =0'5rf 2 

where o=side of the square and rf=,liaineter of circumscribing circle. 

Net iron area ■ At=stacking factor y gross iron an:.'i=0‘9XO , 5' , i 2 ‘=0*454 a 

(raking stacking factor as 0*9). 

0 4 5d* 

"(w/4 «/*)' 

0 5d 2 



•Vi.i 


Ratio 


net core area 


Ratio 


area of circumscribing circle 
gross core area 


r0*5fl. 


area of circumscribing circle 
Stepped Gores. Fig. 7 52 shows 


n/4 <P 


~0’64, 


sions of the two steps 
below. 

Gross core area 
Now 


a 2 stepped or a cruciform core. The dimen- 
to give maximum area for a given diameter are determined as given 


Ati^ab-\-b(a — b) =2o&—5*. 

o*d cos 0 and sin 0. 

Agi** 2d* sin 0 cos 0—d* sin* 0=»rf 2 (sin 20—sin 2 0) 
Differentiating the expression with respect to 6, 
dA$i 


40 


rf* (2 cos 20—2 sin 0 rn> 0) ■"*/*{•> 

is iouna out 


Equating dA,i/tlQ**-0, the value of 0 which gives the maximum 
d*(2 cos 20—sin 20)“O or tan 20=2 or 0=31 *45' 


i«., 


v 
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Therefore 


refore o-d cos 31* 45'»0'85d; b*=& sin 31° 45'»0‘53d. 

Gross core area Arf**2ab~-b?”*Q 618d*. 

CK • 

Net core area Ai=**0 9-4fi«0‘56d*. 

^ at « o _ net core area _ OSM* *0 

area of circumscribing circle " (n/4)d* 

d-*-- gross core area O^lSd* „,, n 

Katio -—4- t- - :—;——TTmr —0 79. 

area ol circumscribing circle (it/4) a 1 


a “ O'Vi i 

u •- r-4 7 - A 



(«l 2 Stepped (cruciform) (6) ^-stepped (c) 4-*tepped 

Fig. 7*53. Cross-section of stepped cores. 


Bv increasing the number of steps, the arei of circumsc-ibmg circle is more effectively utijis 
Thp most economical dimensions of various steps for a multi-stepped core can be 
calculated- The results are tabulated in Table 7 3. 

A '' Table 7 3 

/ 



The greatest theoretical cross-sectional area of a stepped core with same numder of 
stepi is obtai led only at a definite ratios between the widths of laminations (for stock*Jand 
for the diameter of circumscribing circle. These ratios are shown in Fig. 7’53. she 
dimensions are given as fraation of diameter of circumscribing circle. However, 
in actual practice the designer has to depart from the theoreticlly found siaes or lamlait iobj. 
The laminations are manufactured in standard siae of width* normally 0’75 m or 1 m, 


This is done to avoid an excessively wide assortment ol lamination sun ana to mmiw c 
wastage of steel during pitching of laminations. Therefore, the core has to be e^otpcmd 
of li ? na*ions of standard si*es only (and not excactly of the same siae as given by the ratios 


phfwn in Fig. 7.53). 
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i 

7 36. ^Calculation of core area. The voltage per turn is calculated fit m F.qn. 7’12 

x,~kJq. 

A suitable value of K can be chosen from Table 7'2 and value of Ei determined, 

Now, flux 5 ' ~ ; 

’ • *44 / * 


Therefore, the value of flux in the core can be calculated. The area of the core is 
found out by assuming a suitable value of maximum flux density Bn 


Q m 

Net core area required 
and gross core area d 


737. Choice of flax density. The value of flux density in the core determines the 
core area. Higher values of flux density give a small* r core area and therefore there is a saving 
in cost of iron Also with the reduction in core ar a the length of mean turn of winding* 
is also reduced. Thus there is a saving in conductor costs also. But with higher flux density, 
the iron losses become high r ,i u1unc[ in considerable temperature gradient across the core 
High flux density necessitates a Urge magnetizing current which contains objectionable 
harmonics. 

The value of flux density to be chosen also depends upon the service conditions of the 
transformer As a distribution transformer has to be designed for a high all day efficiency, 
and therefore the value of flux density should be low in ordtr to krep down the iron losses. 

. The usual values of maximum flux density B m for transformers using hot rolled silicon 
steel are : 

Distribution transformei — 1* 1 to I *35 Wb/m*. 

Power transformer — I ’25 to 1 45 Wb/m*. 

Lower values should be used for small rating transformers. 

For transformers using cold rolled grain oripnted steel the following values may be 

used : 

For transformers upto 132 kV— P55 Wb/m*. 

For 275 kV transformers— 1 '6 Wb/m*. 

For 4 0 kV and generator transformers—1*7 Wb/m*. 

7*38 Design of Windings. Number of turns in primary winding 

voltage of primary winding Vp 
9 voltage per turn *** Et 

V 

Number of turns in secondary winding • 

The number of turns of an l.v. winding is usually determined in a preliminary design 
by adjusting the voltage per turn to get the number of l.v. winding turns per phase as an 
integer. 

Tt.t.— ^ p—an integer. 

The number of h.v. winding turns per phase is therefore, 
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If the tappings are located in the middle part of an hv. winding, the number of 
winding turns miM be even to ensure the symmetry of winding. For a winding with tap¬ 
pings it is necessary to have a proper turns ratio (or a voltage ratio) not only on the principal 
tapping but on the other taps as well. Therefore, turns should be selected judiously. 


Current in primary winding Ip* 


kVA per phase X 10* 
Vv 


simlarly 


Yjl 

v. 


The area of conductors in primary and secondary windings is determined after 
choosing a suitable current density to be used in the win ings. The permissible current 
density in the w.ndings is limited by local hecting and efficiency. Temperature rise in the 
windings may bacoTieexc-ssive if higher values of current density are chosen and this may 
cause injury to th ' insulation. The chooice of current density is important as the PR losses 
and hence the load at whuh miximum efficiency occurs depends on it. Therefore, current 
density in a winding should be chosen to guarantee the level of losses and cooling conditions 
required. The lev. l of i-on and PR losses required is differem in distribution and power 
transformers. Thus the value of current density is different for different types of trans¬ 
formers (distribution and power). 

For distribu'ion an I small power transformers, self oil cooled type upto 50 kVA : 

8*1*1 to 2*3 A/mm*. 

For large power transformers, self oil cooled type or air blast. 8=2*2 to 3‘2 A/mm*. 
For large power transformers with forced circulation of oil or with water cooling coils 
8=5'4 to 6 2 A/mm 8 . 

A»ea of each primary conductor a»«/*/8* 
and area of each secondary conductor o»= I»lHt 

The current densities in the two windings should be taken equal in order to have 
mihimum copper loss. Let, ' 

Tip, £7,=volume of conductors in primary and secondary windings respectively. 
f7*=:otal volume 6f conductors=£/p+(7». 


Total volum - ol conductor is assumed constant. 


PR loss in primary=p8|#7*. 

PR loss in secondary=p8«*C r , ** p8,* (Vt—Up). 
Total PR loss P«*p[8,»17,+8^(£7t-C7,)]. 
Differentiating P e w.r.t. Up, 

4 £ 


For minimum loss 


dPe 

dU, 


-p[V-*.*]«o 


or 



Therefore, for minimum PR loss, the value of current density in each of the two 
windings should be equal. 


In practice, however, the current density in the relatively better cooled outer winding 
is made 5 percent greater thgn the inner winding. 
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7'381 Selection of type of winding. It is first necessary to select proper types of 
windings to be used in the transformer. The design oi the winding chosen must be such that 
the desired electrical characteristics r- ' -^equate mechanical strength is obtained. Some¬ 
times, more than one tvpe of winnu*» m»’'be suitable for the transformer. In this case, 
the winding which has simple constructional features should be used. 

The high voltage windings are usually of the following types: 

(i) Cylindrical winding with circular conductors, 

(♦») Crosa-ovcr winding with either circular or small rectangular conductors. 

(«») Continuous disc type winding with rectangular conductors 

The cylindrical and the cross-over windings are used for transformers of ratings upto 
1000 kVA and 33 kV. The disc type winding is used for transformers of higher ratings 
ranging from 200 kVA to tens of MV A and voltages from 11 kV upwards. 

The low voltage windings are usually of the following two types : 

(*) cylindrical winding, ( ii ) helical winding (usually double helical). 

Both these windings employ rectangular conductors Cylinducal windings are used for 
kVA ratings upt > 800 and voltages upt > 433 V. The helical winding can be used for ratings 
upto tens of MVA and voltages upto 15 kV and some times upto 33 kV. 

It may be interesting to note that it may not he possible to use helical winding for 
l.v. of transformers having low kVA rating. This is explained as under : 

The number of winding turns at given voltage increases when the kVA of a transfor¬ 
mer decreases since a decreased value of voltage per turn is used for low kVA transformers 
(Et~Ky/Q). Therefore, a helical winding, for example, may be easily used f>r a fi'f kV, 

25 MVA transformer, but it becomes difficult when the rating d<creases to about 8 MVA, 
though the voltage injboth cases is the same. In such cases, whi re the number of turns is a 
large a continuous disc type winding has to be employed. 

The winding to be used in a transformer may be selected by ret erring to Table 7*4. 
This table shows the ranges of different windings. (The ratings refer to 3 phase transformers) 


Table 7*4. Ranges‘of different windings types 


Type of winding 

Rating 

kVA 

Voltage 

kV 


Conductor 

cross-section 

mm* 

No. of con¬ 
ductors (strips ) 
in parallel 

1 . 

Cylindrical 
(circular conductors) 

5000-10,000 

upto 13 

upto 80 

upto 30 

1 to: 

2. 

Cylindrical 

(rectangular conductors) 


upto 6 

(usually 0-413) 

10-600 

5-200 

1 to 4 

3. 

Crossover 

upto 1000 

upto 33 

upto 40 

upto 15 

1 

4. 

Helical 

From 160 to 
tens of 
thousands 

upto 15 
but sometimes 
upto *3 

From 300 and 
above 

75 to 100 and 
above 

4 to 16 
(sometimes 
more) 

5. 

Continuous disc 

From 200 to 
tens of 
thousands 

i 

3*3-220 

12 and above 

- 4 

From 4 to 200 
and above 

*7* - 

1 to 4 

(sometimes 

more) 
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7'38 2. Position of windings relative to core. The l.v. winding is placed on the 
inner side nearer to the core with h.v. winding on the outside. This arrangement is used 
because the potential difference between l.v winding and core (which is at earth potential).is 
small, there is less likelihood of a fault occurring between the two. Also, with l.v. winding 
placed nearer to the core, the insulation used between core and winding has a small thick¬ 
ness. However, in case h.v. winding is placed around the core, the insulation between the 
two has to be thick and this makes the length of mean turn large. This is clear from 
Fig. 7 54. The cost of insulation is also higher with h.v. on the under side as same amount 
of insulation has to be used between h.v. and l.v. as is used between h.v. and core while if 
l.v. is on the inner side, the major insulation is only between l.v. and core. 



Fig. 7*54. Position of windings relative to core 


The tappings are provided on the h.v. winding, therefore, it is very convenient to tap 
the winding as it is on the outside. 


7 39. Design of insolation. During the processes of power transfer from one 
circuit to another electrical, mechanical and thermal phenomena take place in a transformer. 
The winding voltages produce an electrostatic field in the dielectric and therefore stress the 
insulation ; the currents in the windings set lip magnetic fields which give ri«e to electromag¬ 
netic forces on the windings an! to mechanical stressing of insulation ; finally the losses in 
the tran former produce temperature rise which produces thermal stressing of insulation. 


Hence, the fundamental considerations in the design of insulation of t>ans formers may 
be described as those of arranging core, windings and insulation to obtain satisfactory elec¬ 
trical, mechanical and thermal characteristics during the steady state as well as tiansient 
conditions. The three basic considerations in the design of insulation are : 

1. Electrical consideration*. The basic insulation structure is primarily deter- 
mined from consideration of the magnitude and nature of voltages which appear between 
different parts oT the transformer i.t. voltages between individual turns, between coil or layers, 
between windings and from windings to core and tank. 


Tests like sustained frequency high voltage tests and impulse test are applied to check 
the strength of insulation between the various parts with a view to ensure that the transfor¬ 
mer will have a reasonable life (average 20 years) and will be able to withstand damage under 
abnormal conditions imposed by lightning, switching surges and other transient phenomena. 
The electrical design should also take care of the eddy current losses in conductors and leakage 
reactance of windings. 

E|ldy current toes. The windings should be so designed that the stray load loss is 
small. The stray load loss includes eddy current loss in conductors and connectors and also 
n tank walls and clamping structure. The conductors should be split into small strips to 
•educe eddy current losses in conductors. The radial width of strips should be small and 
hev should be tranath 
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Leakage reactanr . A gm*n arrangcm. t;{ uf i n am! windings determines the 
leakage reactance of the windings The leakage re.iCt. me is adjusted I y changing the 
ivmding configuration and brought within desired limits. 

2, ^ Mechanical considerations. The basic inichanical considerations in the d< sign 
oi insulation are of two types: 

(*) 1 he insulation must be capable of withstanding the mechanical stresses imposed on 
it during the manufacturing processes. 

(»’»") Tin* insulation must be able to withstand the mechanical stresses which are 
developed in tin winding due to electromagnetic phenomenon. The electromagnetic 
forces and mechanical stresses produced under normal conditions of operation are quite small 
and ordinarily are of minor importance. However, under fault conditions, particularly 
dead short circuit, the electromagnctic forces may be increase! several hundred Limes. The 
insulation must be designed to withstand the stresses produced under abnormal conditions for 
a specified period of time. 

The- mechanical design of insulation should be such that hoop, but sting and comprcs-' - 
sive stresses are minimized. Also there should bo axial balance between the windings and 
they should be adequately braced. 

Thermal considerations. The thermal aspects of design of insulation are deter¬ 
mined from the consideration of insulating materials used, selection of safe maximum opera¬ 
ting temperatures and types of cooling method employed. 

The transformer structure should be such that the losses developed in the core and 
windings produce temperature rises in the various parts which no whole exceed the |h rmis- 
sible limits both under normal and over load/fault conditions and which, in the interest of 
economy, approach those limits as nearly as possible. 

The insulation used for conductors of oil immersed transformers is class A type. The 
conductors are usually paper covered. The dimensions of round and rectangular conductors 
are given in chapter 17. The increase in dimensions of rectangular conductors due to paper 
covering is 0’25 mm (minimum with double covering). 

The low. voltage windings of small and medium size transformers are insulated from 
the core toy pr essbeard or a synthetic resm bonded paper ,{s. r. b p.) cylinder. The cooling 
duct bofween~tfie core and inside cylindrical surface of the core is formed by axial bars 
arranged around the cylinder. The bars may be placed around the outer surface of the l.v. 
winding and between layers of helical windings imulation l? , 'tw< en the low 

voltage and high voltage windings is provided by another pressboard or s. r. b. p. cylinder afitt • 
, ^MTi W graif6T frangpd around it. A practical Formula for determining the thickness of insula- - 
“Tlon between a winding earth Tthd between 1. v. and h.v. windings is : 

..Insulation jhO^JtVjlun., . ...(7*22) 

mh.» re kV is the vol tage of the in kilo volt between windings and earth..or hetwm L windin gs. 
TtB$ thickness incl udes the w idth branv oil duct provided in between. The width oHm oft 
duct is about" 6 mm in small capacity transformers and 7 5—12 min fin large capacHy high 
""voltage transformers. “WTtK “disc ana Helical disc Windings; the bats li‘ave“wedge sKa]pff 
section inorder “to'”"jnable the intercoil or interturn dovetailed spacers to be threaded to 
them. Insulation at the two ends of the windings consists of blocks keyed to the axial ban. 
These blocks are in line with the axial spacers and form a series of columns with help of 
which the winding can be clamped. The thickness of insulation at each end of the winding 
varies from 6 mm for windings below 500 V to about 150 mm for 66 kV transformers. 

The insulation of a transformer is divided into four types : 

(i) major insulation, (ii) minor insulation, (m) insulation relative to tank and 
(iv) insulation between phases. 
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Major insolation. The insulation between windings and grounded core and the 
insulation between the windings of the same phase is called major insulation. 

Major insulation. Insulation between different parts of one winding i.e. insulation 
between turns, coils and layers etc. is called minor insulation. 

T ie insulation relative to the tank is called oil barrier insulation in oil immersed 
transformers. This insulation consists of oil ducts, barriers and coverings. Partitions of 
solid insulating materials placed inside an 
oil ducts are called barriers. For example 
pressboard s.r.b p. or cylinders placed bet¬ 
ween l.v. and h.v. windings and bet¬ 
ween windings and core are called barriers. 

Coverings, on the other hand closely cover 
a particular part of a transfoimer which is 
above the earth potential. The examples of 
coverings are turn and additional coil 
insulation. The barriers and coverings 
increase the electrical strength of an oil 
duct because they prevent the lining up of 
particles consisting of partly conducting im¬ 
purities along the lines of force and thereby 
reduce the total clearance which would 
otherwise be necessary. 

The major insulation for windings 
upto 33 kV is schematically sh >wn in 
Fig. 7 55. The thickness of insulating cylinders, oil ducts, and the insulation between win 
ding ends and yoke is given in Tables 7.5 and 7.6. 


Yoke 



Fig. 7 S3. Major insulation of transformers 
upto 33 kV. 

Ci, C„ C f —thicknesses of insulating cylinders 
w —thickness of horizontal solid insulation 
between winding ends and yoke 


Table 7 5. Thickness of major insolation of H.V. windings upto 33 kV. 

(All dimensions in mm) 




Between 

From winding end 



Rating 

Voltage 

h.v. and l.v. 

to yoke 

Between phases 

kVA 

kV 



_ 






a t 

Ci 

h 

w 



25—100 


85 

2-5 

20 

— 

10 

2 

125-610 

3 3 and 6 6 

12-0 

2*5 

20 to 30 

— ^ 

10 

2 

800 and above 


170 

50 

20—50 

— 

i ,0 

2 

23—630 

11 

J2 0 

mm 

30 

— 

14 

2 

800 and above 


17 0 


30 to 50 

— 

14 

2 

25-630 

15 

150 

3-5 

40 

— 

17 

2 

800 and above 


170 

5*0 

40—50 

i 

— 

r 

2 

10-800 


27 0 

50 

mm 

2 

v 30 ;£ 

r, 


33 




■ - 



1000 and above < 


27*0 
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30 

4,/m 
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Table 76. Thickness of major Insulation of L.V. windings upto 33 kV, 

(All dimensions in mm) 


Rating 

kVA 

Voltage 

kV 

\ 

From winding to core 

at 

c , 

25—630 

upto 1 

i 

; s 

i 

« 

25-630 

3 3 and 6 6 

! 

12 

25 

r 800 and above 

upto 1, 3-3 and 6 6 

15 

50 

25—630 


18 

30 


11 



800 and above 


18 

5-0 

25—630 


21 

40 


15 



800 and above 


23 

50 

Any kVA 

33 

27 

50 


In case of high voltage transformers, 
has a large thickness and it is customary 
to use a number of thin cylinders spaced 
by axial bars, the material being carried 
round the h v. (outer) winding by flanged 
collars as shown in Fig. 7'56, 

Some design features of different 
transformer windings are given below : 


1. Cylindrical windings. The 

cylindrical windings with rectangular con¬ 
ductors are used for voltages upto 500 V 
and current rating between 10 to 600 A. The smallest cross-section is 5 mm* and the largest 
200 mm* (4 strips in parallel). 

The cylindrical windings using circular conductots are used for a current rating of 
upto 80 A. The maximum diameter used for the bare conductor is 4 mm. Single conductor 
is used for currents upto 40 A and above this range two conductors are used in parallel 
extending the range upto 80 A. 

2. Gross-over windings. The cross-over winding is divided into a number of mils 
in order to reduce the voltage between adjacent layers. These coils arc axially separated by a 
rii npnf* oF0’5 to 1 mm with the help of washers or axial ducts formed by spacers. 

The voltage between adjacent coils in a cross-over winding snould not be greater than 
8QQ-1000 V. Therefore, the number of coils used should be more than V/(800-1000) where 
F is the voltage of the winding. The number of coils used in 33 kV and 110 kV winding 

MfiM fmm flUtfl. 


the insulation required between windings 

Bent collars 

High voltaiv 
winding 

jo* voltage d 

winding 


sr bp 
cylinder 



4-r 


rig. 7 56. Insulating cylinders and collars. 
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Hi • ?ii«'i.bi*r »l I lyLfi ii' d a cross-over winding are calculated on the basis ihal the 
maximum voltage b awi eu l.iycrs should not exceed 3*10 V. Fig. 7 37 shows lour layers ol 
a cross-ova r coil wit i 0 turns per layer. It is evident that the maximum voltage between 
two adjacent layers is equal to two times the voltage per turn um v „ the turns per layer. 
(This occur-, between conductors 1 and 16, between 9 and 24 and between 17 and 32 for 
Fig. 7 57). 


Theieforc, the winding should 1> so designed that 
2NdEt > JtiO V. 

where A T w=numbtr of conductor per layer. 



In order that the cods be cooled properly, the 
height and the radial width of die cod should be small. 

The axial height of each coil is about 50 mm and 
the width of the coils is kept within 2a—50 mm. 



3. Continuous disc type winding. Transformers 
of high capacities often use single lay* r disc coil wound 
with rectangular conductors on tlieir Hat side. Each 
disc coil consists either of eight turns wound with a single 
conductor, or of two turns with lour parallel strips, or 
one turn having eight parallel strips. Each coil rests on 
press board -pacers forming horizontal ducts. The width 
of spacers is usually between 3’5 to 5 mm. 

The width of radial oil duct is determined by the 
voltage bat ween aljacant coils, specific thermal loading 
and the system of cooling employed. 

The minimum width of oil duct is 5 mm for 
voltage less than J5 kV, 6 ram for 35 kV and 8 mm for 
110 kV. 



. . Moximj'n vo *uc]e 

!--*'vcen lay.is 



The area of conductor used in the winding varies 
from 4 mm 2 to 50 mm 2 and the limits for current are 
12A to 600 A. 


! ! 

I'/aximum vol’-. ’« 

I'etwetn iu>e:3 

i ig. 7 57. Voltage between layers of 
cross-over winding. 


In chm.-s where a winding consists of several coils, for ixample, a cross-over or a 
continuous disc type, the voltage per coil should not be mor - than 800—1000 V. Therefore, 
the number of coils is > V/(Q00 —1000). 


When a continuous type of winding is used, the number of coils should be chosen in 
such a way as to obtain the necessary winding height utilizing the standard size of conduc¬ 
tors. Windings designed for voltages between 33—110 kV normally use 60 to 80 
coils. It should be noted that the number of coils of a continuous type winding with tapping 
at the middle should be a multiple of four. 

4. Helical winding. A helical winding is used for l.v. windings of the power 
transformers with outputs ranging from 160 kVA to some ten thousand kVA at voltages 
from 230 V to 15 kV and sometimes upto and including 33 kV. In order to secure 
adequate mechanical strength the cross»sectional area of a strip not made less than 75— 
100 mm*. The maximum number of strips used in parallel to make up a conductor is 16. 
Helical windings are used for current range 300 A to 2400 A, the maximum limit is based 
on the assumption that the maximum cross-sectional area of a strip normally does not 
exceed 50 mm 2 . 

A double helical winding is used for the same range of voltages as a single helical 
one, but the upper limit of currents for this winding is about twb times higher. 




TRANSFORMERS 


391 


la windings lining r. ctangular conductors the radial width of a strip should not exceed 
3'5 mm in order to limit tin* eddy current losses. 

7 40. Surge Phenomenon. Transformers used in power systems are subject to 
surge overvoltages. These surge overvoltages, initiat'd o< overhead trans i.ission lines 
ire cau-ed by switching, faults or lightnig discharges. '1 he surges may have a steep wave- 
front with a rate of rise 1000 times as great as the peak rate of normal operating frequency 
thereby imposing intense and rapidly changing electric stresses within the transformer 
winding. The surge phenomenon is particularly important in the case of high voltage 
transformers. 

N it so long ago, design of high voltage windings of transformers exceetling 110 kV 
was governed wholly by p iwtr frequency voltages. The surge and impulse voltages were 
regarded as destructive and the designer was not expected to anticipate them. However, 
this attitude has undetg me a radical change and the surge behaviour of the transformer 
has not only gained recognition as an essential part of designer’s responsibility, but to 
assume such significance that it has become the foremost consideration in the design of high 
voltage windings. 

The effect of a surge arriving at a transformer has an exceedingly roinplex effect on 
the transformer winding. The steeper the front and flatter the tail of the Wave, the more 
severe is its effect, and therefore we will consider the effect of the application of a rect¬ 
angular wave i.e a step function voltage. Theoretically, the incidence of such a wave 
means that the line terminal is raised in potential at ail infinite rate to the crest value and 
then held there. However, the transformer insulation may be considered as a network 
of capacitances with inteiturn insulation acting in series and each turn having a shunt capaci¬ 
tance to earth as shown in Fig. 7’58. 
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Fig. 7*58. Transformer mode] for analysis Fig. 7 59. Voltage and charge distribution in a winding 

of surge phenomenon. element. 

Let f7»=total series capacitance of the winding, 

CV=total shunt capacitance [i.e. capacitance of winding with respect to ground), 
and f=total length (axial height) of winding. 

Let us consider a winding element of length dz located at a distance x from the neutral 
end having a voltage v and a charge q as shown in Fig. 7‘59. 
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The shunt capacitance of a winding element relative to ground is proportional to it! 
length and the series capacitance is inversely proportional to tin: length. Therefore, the 
shunt capacitance of the winding element shown in Fig. 7'59 is ( Cg]l)dx and the series 
capacitance is (Oil)/dx. If the charge of the adjacent winding clement ii {q—dq), the charge 
of the shunt capacitance (Cg/l)dx is, therefore, dq. The relationship between voltage and 
charge for any capacitance is v—qjC. 

The relationships for shunt and series capacitances of the element considered, are 
dq l dq , dv 1 

v=i {CtH)dx - c, doT and 77 “ c,i q ' 

. d 2 v _ 1 dq 1 Cgv __ 1 C$ 

dx* ~C,l dx ~ C,l l ** l* C. v 


Lf t Cg/Ci. Therefore, the above differential equation can be written as 

d*v «* 
dx 2 l 2 

The solution of differential equation is 

The remote end (neutral end) of the winding is earthed 
v=0 at x—0 
0<=-A+B or A——B. 

At the line end a step voltage of V is applied ,*. At a 

or A"*VJ(e*—e~*) 

Hence, voltage at the element 

p( e »»/iV sin h’x/l) 

V — sinh a 


-.(7 23 


Initial Distribution. Eqn. 7 23 s hows that the voltage distribution along a winding 
depends upon the value of a-\/ CgjOt. lf the capacitance relative to ground is zero 
. . « .t_ . sinh (z/l) . . , 0 

i.e. when a*»0, the expression g — is of the form —. Ihc equation can be 

solved by using V Hospitals' rule, from which we have - 


m cosh eta? i _ Fx 

•■^isarrU t 


- (7 24) 


From above 


constant. 


Thus, it is evident from Eqn. 7 24 that if the shunt capacitance is zero, the voltage is 
uniformly distributed over the winding. 

However, in modern power transformers * varies from 5 to 15 and hence the initial 
voltr.ge distribution is conn ierab'y different from the linear distribution indicated by 
Eqn. 7*24- 

The voltage gradient at the line-end of the winding is 


* I ZL| «r«coth 

dx 1 x»l sinh a \x=*l 


..(7-25) 
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coth ctse 
*L| Si 
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..(7*25) 


i.e. the voltage gradient at the line end is a tinus the value of gradient corresponding 
to the uniform voltage distribution (the voltage gradient corn spending to uniform distribu¬ 
tion is V volt/metre). 

Fig. 7 60 shows the initial distribution of a surge voltage over a uniform winding 
with neutral. The voltage distribution is uniform for a*=0 but in the presence of earth 
capacitances a may typically assume value of 10, and in that case, the voltage distribution 
becomes nonuniform with most of the voltage dropped across .» uact on of the line end 
of the winding, in which the voltage between adjacent turns becomes excessive and may 
require additional insulation to withstand the high voltage stresses produced 

Final Voltage Distribution. The tail of the step voltage is equivalent to a sus¬ 
tained d.c. voltage of magnitude V after the all transients have died down and the system 
has settled to steady state c editions. The voltage distribution therefore becomes 

v=V(x/I) 

This distribution is obtained with time It is clear from above, that the final 

voltage distribution is a straight line giving a uniform voltage gradient in the winding. 
This distribution is identical to the one obtained with a =*(). (Sec Fig. 7'61). 




Fig. 7*60. Initial voltage distribution Fig. 7*6 1. Oscillations in winding subjected to voltage 

with earthed neutral. surge. 

Intermediate Distribution. The transition from initial to final voltage distribution 
is always accompanied by oscillations on account of inductance and capacitance of trans¬ 
former winding. There is a constant interchange of stored energy between capacitors and 
winding inductance resulting in complex oscillations at a variety of natural frequencies. 
As a r suit of damped transference of electrostatic and electromagnetic energy during 
complex oscillations, all parts of winding may be severely stressed (i.e have large voltage 
gradients) at different instants of time as shown in Fig. 7 - bl. Initially concentrations of 
voltage may appear at the line end of the winding; during traditional period concentra¬ 
tions may appear at the neutral end whilst voltages to earth considerably in excess of the 
incident surge may develop in the main body of winding. Therefoie, reinforcement of end 
turns of the winding are of little assistance as far as the protection of windings against surge 
wnltaoes is concerned. 
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7 40.1. Surge Protection. In a general case, under steady state conditions, equal voltages 
are induced between turns and consequently, ideally, equal amounts of insulation ate 
required between turns. To utilize this uniformly disposed insulation to best advantage, 
the voltage appearing between turns throughout the winding under surge conditions should 
also be able to approach this ideal, in which case oscillation voltages are completely elimina¬ 
ted, the initial distribution, like the final must be uniform. 

Before the effect of surge voltages was clearly understood, it was a universal practice 
to reinforce the insulation of a few turns (say 5%) on the line end of the transformer to 
withstand the impulsive voltage gradients. However, this results in decrease in the series 
capacitance resulting in increase of a and hence unequal voltage gradients. The use of 
reinforced turns at winding ends, instead < f mitigating the trouble, intensifies it. External 
surge absorbers may be connected between the transmission line and the transformer 
terminals to reduce the steepness of wav. front and to dissipate some of the energy of the surge 
wave. 

However, .he real solution to the problem of surge voltage distribution lies in design¬ 
ing the winding in such a way that the voltage distribution is more or less uniform and no 
part of the win ing insulation is unduly stressed. 

The initial distribution of voltage is determined wholly by th e capacitance network. 
The voltage distribution depends upon a which is equal to V Ci/Ci. Consequently two cir¬ 
cuit elements are available for controlling and improving the initial response. It has been 
stated earlier that when «s»0 (».e. when the shunt capacitance Cf=0 or when series capacitance 
(/«•* oo), the initial distribution is uniform and is coincident with final distribution. Thus, it 
can be safely concluded that the distribution can be improved by decreasing shunt capaci¬ 
tance and/or by increasing the series capacitance. The methods adopted for securing uni¬ 
form voltage distribution are : 

I. Shielded Windings. The basic principle of protection of transformers rated 
at 110 kV and more involves the arrangement of an additional capacitance network con¬ 
nected to the line input terminals in order to neutralize thd winding to earth capaci¬ 
tance. 

An electrostatic shield is provided along the axial length of h.v, winding as shown in 
Fig. 7 62. The provision of the electrostatic shield introduces capa- itances between the 


Capacitive 



Fig. 7*62, Winding with static shield. 
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line terminal and the winding in a graded diminishing proportion as in a transmission line 
insulating string, thereby helping to neutralize the winding to ground capacitat’d s 

The use of the shield permits the shunt currents to flaw directly hom the line, thereby 
enabling the series currents to have the same value in ail the sections. Hence a uniform 
voltage distribution is obtained. The surge voltage distribution with and without electro¬ 
static shields is shown in Fig. 7'63, the figures indicating percentage equipon ntials. 

The surge protection of transformers by un electrostatic shield involves the following 
procedure : 

(») The shield is provided on the six terminal coils (for 110 to 220 kV) at increasing 
distances. 


(») A capacitive ring is placed over the winding to equalize the voltages across the 
turns of the input coil. The ring (or collar) is of pr* sboard with copper or aluminium ioil 
and is securely insulated. The capacitive ring is connected to the line terminal of the 
winding. 


2. Centre point disc winding. In this method, the high voltage disc winding is 
divided in two halves which are connected in parallel. 


Each half starts from opposite end and finishes at the 
centre point. The centrepoint becomt s the h v. terminal 
of the winding (Fig. 7’64). The h.v. winding is piovided 
with radial and complete axial shields and the arrange¬ 
ment results in uniform initial and final distributions. 

3. Interleaved windings Tw > normal disc 
coils are shown in Fig. 7 b!) (a). If the order of the turn 
interconnection is changed to have interleaved coils as in 
Fig. ,7'63 (6), the interturn or series capacitance C» 
increases thereby reducing ot. Therefore, voltage distribu¬ 
tion becomes more uniform. 

Windings of interleaved double disc type can 
withstand impulse voltages better than the non-interleaved 
type. Partially interleaved windings are also used with 
interleaved coils only at the ends of h.v. windings. 

4. Layer type windings . Recent developments 



in the design of high voltage transformers emphasise the _ 

difficulties o i obtaining adequate impulse strength with ' v', ^ 

continuous disc type winding. Modern ttend is to use Fig, 7 64. Centre point disc 

layer type of winding as shown in Fig. 7 06. winding. 


The high voltage winding is divided into concentric layers, separated by oil ducts, 
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each uiminishing in length. Two shields are used, one at the line end and the other at. the 
neutral end. On account of the provision of shields on the two ends, it is possible to neglect 
the capacitance between winding and earth (Gg) in comparison with capacitance between 
adjacent turns (C7»). 

Therefore, a is small for these windings and hence the voltage distribution is almost 
uniform. Fig. 7*37 sheers the voltage distribution in a layer type winding. 

It is cl**ar that in a layer type winding the voltage distubution initia'Iy and under 
transient conditions is almost uniform. The layer type of winding is thus lightning proof. 

The same conditions exist in the windings of shell, type power transformers because the 
capacitances between large flat coils considerably exceed the capacitances relative to earth 
and therefore, the initial and the final voltage distributions practically coincide. 



Fig. 7'67. Initial voltage distribution and peaks of Fig, 7*68. Transformers frame, 

potentials inlayer type windings. 

7*41. Window Space Factor. The window space factor is defined as the ratio of 
copper area in the window of the total window area. It depends upon the relative amounts 
of insulation and copper provided* which in turn depends upon the voltage rating and output 
of transformers. The following empirical formulae may be used for estimating the value of 
window space factor: 

JU-10/(30+kV) ... (7*29) 

where kV is the voltage of h.v. winding in kilo-volt. The above formula is for trans¬ 
formers of ratings between 50 to 200 kVA. 

Space factor is larger for large outputs and smaller for small outputs. For a transformer 
of about 10J0 kVA rating £»« 12/(30+kV) and for transformers of about 20 kVA rating 
JT»"»8/(30-fkV). The vfLlues of space factor for intermediate ratings can be interpolated. 

7'42. Window Dimensions. The leakage reactance is affected by the distance 
between acescent limbs. If this distance is relatively small, the width of the winding is 
limited and this must be counter balanced by increasing the height of the winding. Thus the 
windings are long and thin. This arrangement leads to a low value of leakage reactance. 
If die height of the window is limited, the width of the window has to be increased in order 
to accommodate the coils. This resalts in short and wide coils giving a large value of leakage 
reactance. 

The height and width of the window can be adjusted to give a suitable arrangement 
of windings and also to give a desired value of leakage reactance. 
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The area of the window depends upon total conductor area and the window space 

factor. 


Area of window Au>~ 


total conductor area 


window space factor 

— , ? for single phase transformers 

Ktd 

— ^ To r three phase transformers 


Area of window Ai«*sheight of window X width of window»*ffi»X Wm 
The ratio of height to width of window, Hw/W « is between 2 to 4 


...(7 27) 
...(7-28) 


Assuming a suitable value for ratio//»/FP», the height and width of window can be 
calculated. 

7 43 Width of window for optimum ontpnt. Let D be the distance between 
adjacent limbs as shown in Fig 7‘G8. Now, 

Z)=width of iron+width of bare conductors+width of insulation and clearance. 

Let m be the space occupied hy insulation and clearance etc. along the width 
Width occupied by copper plus iron Z)'*=*J9~ m. 

Width of bare conductors in window 

=widih occupied by irdn plus conductors— width occupied by iron*!)'— d. 

Let 8 be the output in VA of transformer per unit height of window. 

8-=Et Th I where T*=turns per unit height. 

Now Et=- 4-44 / 4> w «44‘4 / Bm At=*4 44/ A. M*. 

For a fixed value of frequency and flux density, Et is proportional to d 2 . 

Now 7T»s«=mmf per unit hcight=8 a Th 
where a ™area of each conductor and 8■■ current density 
Now o7\=height of conductors X width of conductors 
■■width of conductors (as height is unity). 

ITh is proportional to (8 X width of copper in window) 

or ITh is proportional to (D'— d) for a constant value of current density. 

S^-Ad* ( D'-~d)**AcP D'—Ad* where A is a constant. 

In order to determine the maximum output for a given value of D\ 8 is differentiated 
with respect to d. 

or ^--=2AZ)'d- 3Ad*. For maximum output, >0 

v 2AZ)'d«3Ad* L>«15d. 

Now The value of m can be taken as 0 - 2d with normal designs, 

or Z>=”1 7 d 

*The width of w'ndow which gives the maximum output is d*"0’7^ 

7 44. Design of Yoke. The area of the yoke is taken as 15 to 25 percent larger than 
that of core for transformers using hot rolled silicon steel. This reduces the value of flux density 
obtaining in the foke^and therefore there is reduction in the iron losses and the manetis- t 
ing current. Fqr transformers using cold rolled grain oriented steel in the area of yoke i« f 
taken equal to that of the core. 
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The section of the yoke can either be taken as rectangular or it may be stepped. The 
yoke sections are shown in Fig. 7'15. In the case of rectangular section yokes, the depth of 
the yoke is equal to the depth of the core. This depth of the core is equal to the width of 
the largest stamping when square or stepped cores aroused. For example in the case of 
cruciform core (Fig. 7'52), the depth of yoke is equal to a. 

For rectangular section yokes, 

Area of yoke i4y-=depth of yoke X height of yoke •= Dr xHy 
where Z)r*»width of largest core stamping**a 

^4r*“(l'15 to 1‘25) Am for transformers using hot rolled steel 
=* A i/i for transformers using grain oriented steel. 


7 45. Overall Dimensions. When dealing 
problems, refer to the following details and dia¬ 
grams. 

o=width of largest stamping, 

d=diameter of circumscribing circle, 

Z)=distance between centres of adjacent 
limbs, 

fP»**wkIth of window, 

height of window, 

«* length of limb, 

J?r=height of yoke, 

£T**= overall height of transformer over yokes 
or overall height of frame, 

W *= length of yoke**overall length of frame. 

We have the following relations for single 
phase core type transformers (Fig. 7'69). 


with overall dimensions in transformer 



D**d+Ww, Z7r™a, 


Width over two limbs 


Hs*Hv+2Hr, W**D+a, 


Fig. 769. Single phase core type 
transformer. 


Width over two limbs*=*Z>+outer diameter of h.v. winding, 


“Width over one limb*=outer diameter of h.v. winding. 

We have, for a 3 phase core type transformers (Fig. 7'70). 

D—d+W* ; Dr*»o ; H>~Hw+2Ht ; W"*2D+a, 


Width over 3 limbs«»2Z)+outer diameter of h.v. winding. 

Width over one limb^*outer diameter of h.v. winding 
For single phase shell type referring to Fig. 7'71 

Dt-b t Br-a, JT-2JFe+4«, 2«. 

Example 71. Estimate the reduction in volume, expressed as a percentage of original 
volume of (i) iron core (ii) conductors, in a transformer when hot rolled silicon steel l a mina- 


Width over 
one limb 
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Fig. 7-70. Three phase core type Fig. 7'71. Single phaae shell type transformer, 

transformer. 

tiont worked at a flux density of 1'2 Whjm 1 are replaced by coli failed grain oriented silicon 
steel laminations worked at I'd Wbfm?. Circular coils are used c ( rd the thickness of windi g is 
negligible as compared with diameter of circumscribing circle. Thd t length of flux path, area 
of conductor and the number of turns are the same for both cases. ' 

Solution. Let Aih and Air be the net iron areas with hot rolled and cold rolled 
| animations respectively. 

The net iron area is inversely proportional to flux density. 

4<*=>(r2/r8) 4«=0'667 Aih 

Hehce, redaction i*» net iron area=(l — 066 1 ) X 100"*S3‘3% 

Let da and de be the diameters of circumscribing circle with hot rolled and cold 

rolled laminations respectively. Diameter of circumscribing circle is proportional to V A$. 

d*=0'817 dk. 

The length mean turn is «d Therefore, length of mean turn ol conductors wound on 
cold rolled steel is 0’817 times that of conductors woun ' on hot roiled steel. Since the num¬ 
ber of turns and area of each conductor are the same in both cases, the reduction in volume 
of conductors with the me of cold rolled steel is (1 —0’817)X I00* , 18’3%. 

Example 7 2. Show that the output of a 3 phtue core type transformer is : 

Q=5-23 f BmEcP Hf hVA 

where f ^frequency, Hz ; B m =* maximum flue density * Wtifm* ; d~effective ^ to meter of core, 
nt ; H**'nijn'ifp potential graiient in limb, A/m ; Hw^height of limb [window)* m- 
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Solution. kVA output of a three phase transformer Q—3EIX 10 -3 

=3x4 4 4/ O'* Tlx 10~ 8 **3x4*44 f Bm At 77xl0~ 3 . 

In a three phase core type transformer each limb has one primary and one s condarj 
winding wound yn it and therefore total mmf over one limb=2 77. 

gradient 


2TI 


or 


77— 


HHv> 


Also At—(n/4) d? 


~ H* 2 

Substituting the value of At and T1 in the expression for Q, we have 

3 X 4 44 / B, n X y d s X H ~ X 10~ 3 =5*23 / B n Hd 3 H w X 10~« kVA. 

Example 7 3. Calculate the kVA output of a single phase transformer from the follow¬ 
ing data : 

core height _ ~t2 8 d iameter of circumscribing circle 

• ’ distance between, r.nre. r.eni.rem 1 


distance between core centres 
net iron area 


•07 


area of circumscribing circle 
current density=2'3 A/mm 1 , window space factor=0‘27, 

frequency =50 Hz, flux density of core—12 Wbfm 2 , 

distance between core centres^O'4 m. 

Solution. Distance between core centres D=*0'4 m. 

,\ Gore height (window height) jBr* a =2*8x0‘4= Bs ri2 m. 

Diameter of circumscribing circle d—0’56 X0'4=0 224 m. 

Width of window Wu^D— i—0*4—0*2?4=0*176 m 

Area of window Aw**HwX JP,»—0*1 12 X0'176—0197 m* 

Area of circumscribing circle is=*(«/41 d*=0*0394 m* 

Net iron area 0*7 x0*0394—0*0276 m* 

From Eqn. 7*6, for a single phase transformer 
(?- 2*22 / Bm Kn 8 Aw AtX 10“« kVA 
- —2*22X50 XI *2 X 0*27 X 2*3 X 10* X 0* 197 x 0*0276 X 10~ 3 —450 kVA. 

Example 7*4. Determine the dimensions of core and yoke for a 200 kVA, 50 H* single 
phase core type transformer. A cruciform core is used with distance between adjacent 
limbs equal to V6 times the width of core laminations. Assume voltage per turn 14 V, maxi¬ 
mum Jim density 11 Wbfm\ window space factor O'32, current density 8 A/mm*. and stacking 
factor—O'9 .. The net iron area is O'56 d* in a cruciform core where die the diameter of circums¬ 
cribing circle. Also the width of large* stamping is 0'86d. 

Solution. Voltage per turn £<—4*44/ 4*44/ Ah At 


Net iron area At* 


14 


•0 0573 m* 


4*44 X 50X1*1 

Diameter of circumscffMns circle 4—^573/0*5C— 0*32 m. 
Width of largest stamping »-0$5 d -0*85 X 0*32-0 272 m. 

Distance between core centres A—1*6 a (giuwij—1*6x0*272—0*435 m. 

Width of window TF»— D— d—0*433’H® r ^ ,B,| 0 , 115 m. 

from Eqn. 7*6. for a single phase transf orm e r 
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<2=2 22/7^ K» *A»Ai XI0"* 

200=2 22 X 50 X T1 X 0’32 X 3 X 10* X Am X 00573 v I [)■ ’ 

Window area i4»=0‘029 J m ? Height of window lf« =0*0298/0*115=0'26 m. 
Using the same stepped section for the yoke as for core 
Depth of yoke Z)y=a=0'2/2 m and height of yoke H v =0'272 in. 

Referring to Fig. 770, 

Overall height of frame 77 =//«>-r277y — 20 -f 2 x0‘272=0‘804 in. 

Overall length of frame TF=77-F«=43'5+0 272=0 737 m 

Example 7 5. Calculate approximate overall dimensions for a 200 kVA, €600/440 V, 
50 Hz, 3 phase, core type transformer. The. following data may he assumed : emf per turn-=*10 V ; 
maximum flux density ~ V 3 Wb/m 1 ; current density— 2' 5 AfmmP . window space facior—0 3 ; 
overall height ^overall width ; stacking fact or =* O'9. Use a 3 sapped cure. 

For a three stepped core. 

Width of largest stampings 0 9 d. and 

Net iron area— O'6 d* where d is the diameter of circumscribing circle . 

Solution. Ne. iron area ftfjftfxTT “°' 0347 “*• 

Diameter of circumscribing circle d — y/O'O 47/0*6=0*24 m, 
anti width of largest stamping a=0*9x0'24=0'2l6 m. 

Using a 3 stepped section for the yoke 

Height of yoke 77*=o=0‘2l6 m, depth of yoke Z7y«=n*»0'216 m. 

From Eqn. 7’10, for a 3 phase transformer, 

<2=3-33/ 74 Ku> & A w Ai X 10 “ 3 
or 200=3 33 X 50 X 13 X0‘3 x2*5 X 10 6 x A»X 00347 X 10’* 

.*. Window area ^4i«=0'0355 m* or H» X W4*»0*0355 m a 
The given condition is, overall height=overall width or 77= W 
Now, referring to Fig. 771 
J7=,ff w +277y=# w +2 xO*216«JJ,r+0*432 
^«n i ) +ra= 2(ir IB +d)+o=2JF.+0-48+0-216=2»F«+0-696 
As H~W, we have ; 7?ii>-|-0*432=2TP|»+0*696 
or H w «®2JFw+0*264 

.*. (2IP.+0*264)TP»=0*0355 or 2WV+0*264 IF.-0*0355-0 

0 0355 

or width of window PF»=0’083 m and height of window //«.= - -- - - =0*428 m 
Thus the dimensions of core are : 

Distance between adjacent core centres 7)**IFti>-RZ**0 , 323 m. 

Overall height jEr=27i#+2Z7y=0'86 m. 

Overall width !F=2ZJ+a sIS 0*862 m. 

Example 7’6. The ratio of flux to full load mmf in a 400 kVA, 50 Hx, 
tingle phase coretype power transformer is 2 4x10*. Calculate the net iron area and 
the window area of the transformer. Maximum flux density in the core, is 1'3 Wb/m 2 , current 
density 2'7 A/mm * and window space factor 0 26. Also calculate the full load mmf. 

Solution, From Eqn. 713, 

Jf*/4*44/ AT) 10*=V4*44 x 50 x 2*4x 10'*X 10*=0732 

Voltage per turn JP*—jK‘v/Q“ 0*732‘\/400 b * 14*64 V. 
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Flux 

Net iron area 


4>m= 


Et 


1464 


Ai- 


4 44/ 444X50 

4> m 00G5 


■0 066 Wb. 


0 0507 in*. 


Window area of single phase transformer 

A - _ Q 

Ate ~ 7T-tr 


2 22 /.£?«*« 8 AiX 10 ~ e ' 

400 * 

S *2'22 X 50 X 1 -d x U 26X 2 7 X 10* X 0 0507 X 1O-^ 0 ' 077 ' m “ 
Full load mxnf %7o~ , a *2 4 27500 A - 


Example 7 7. Determine the main dimensions of the core, the number of turns and 
the cross-section of the conductors for a 5 kVA, 11000/400 V, 50 Hz, single, phase core type 
distribution transformer. The net conductor area in the window is 0 6 times the net cross- 
section of iron in the. core. Assume a square cross-section for the core, a flux density 1 Wb/m* t 
a current density Vi A/mrn 2 , and, a window space factor 0 2. The height of aindow is 3 times 
its width. 


Solution. Given that: 


Net conductor arca=0'6 X net iron area or A'«./1 W “0'6 Ai 

0*6 0*6 

Window area -4«= — A«=3Ar. 

From Eqn. 7'6, for a single phase transformer, 

Q**T22fBm K*SA W AiX 10~» 
or 5=2-22X50x1 0x0 2X14X 10*X3 AiXAiX\0~ a 

0*00732 

or net iron area A<=0*00?32 m*. Gross iron area Agi ** — — =0 00814 in*. 

,*. Width of core a=\/0‘008I4 st0'09 m. Gross iron area provkh d==0 0081 m 2 . 
Net irog area provided=0 00729 m*. Window area A«=3 X0'OO729=O*O21fc7 m a . 
Height of window Hw—3 W* 31F|* , =0-02187, But H w x W„=.4 Wl 

or width of window lfwetO'085 m, and height of window H»—2 x0-085aJ0"255 m 
The yoke h?s the same grow area as the core. Gross area of yoke Ay—0'081 m*. 

0*0081 

Depth of yoke Z?f«a=0'09 m, .*. Height of yoke q o 9 ~ m. 

Flux •*= BmAi- 1 0 x 72*9 X l0-»—7*29 X 10“» Wb. 

Voltage per turn Et =4*44 / $*—4-44 X 50 X 7’29 X 10 _ *« 1 ‘625 V. 

Primary turns— ~ Xsecondary turns— X 246—6765 

secondary voltage 7 . 400 


(The turns of the low voltage should be calculated first and that of high voltage after¬ 
wards by using the voltage ratio). 

n , . m secondary voltage 400 „ 

Secondary turip —:--- a -=r^« ! “246. 

7 ^ voltage per turn 1625 

5000 

Primary winding current /»=• j ^qqo —0*^55 A. 



TRANSFORMERS 


403 


Area of primary winding conductor °r=-y- —0 384 mm*. 

Using circular conductors, diameter of primary conductor ~ Vo'32*l X4/«**0’642 mm 

_ , ... . 5000 
Secondary wimmig current /«— -^-- = 12 5 A. 

4UU 

j ' 12-5 

Area of secondary winding conductor o»= — ■» -p^---=R'93 mm 2 . 

Using a square conductor 3x3 mm 9 . 


Area of secondary conductor a *=9 mm*. 
Overall dimensions of core— 

Referring to Fig. 7*6.* 


Distance between core centres Z)=*a-f FT*—0'09 + 0*085 —0'J75 m. 

Length of frame H ,, '«=.D+n sst 0'l75+O‘09 - =O‘265 m. 

Height of frame £f-&»+2flV-0*!i55+2 XO*09=(T435 m. 

Example 7‘8, Calculate the main dimensions and winding details of a 100 kVA 
2000/400 volt, 50 Hz, single phase shell type, oil immersed, self cooled transformer. Assume : 
Voltage per turn, 10 V flux density in core, 1‘1 Wh/m * ; current density, A/mm 3 window space 
factor, 0 33. * 

The ratio of window height 4o window width and ratio of core depth to width of centred 
limb=2'5. The stacking factor is 0 9. 

Mui.-. Net iron area A,~ 

Gross iron area Ag<~— ~—■ =0‘055&^n*. 

Referring to Fig. 7*71, t^=* 2‘5 (given)', We have, gross iron area Agi**2aXb 

.*. 2'5 (2«)*=0 04555 or width of central limb, 2o«=0135 m. 

Core depth 6—2*5x0'135—0*3475 fcn. 

, J 

The yoke carries half of the flux in the central limb. AssuminMhe same flux density 
in the core as in the limb, the area of yoke is equal to half the area. i pf*tpe central limb. 

0’04555 

Gross area of yoke.dy— - —227*75 x 10~* m*. 

Depth of yoke 2>r-6=0*3375 m. .*. Height of yoke/jy* 22 -00675 m. 

The side limbs carry half of the flux in the central li<»b. Therefore, the width of side 
limb is half of the width of central limb. Width of side limb o—0*0675 m. 

From F.qn. 7*6 for a single phase transform** 

G-2'22 /&»*•« AsAsXlO'*' ; , 

100—2*22 X 50 X T1 X 0*33 X 2 X10* X 0 041 X Am X10“^ 

We have, H»X JF»— 0*0303 and y — 3. 

rfm 

Window xrea ifw—0’0303 m*. 
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or 3 Ww*~ 303 X 1 O' 4 . Thus width of window W»~ 01 m 
Height of window Hu~0'3 m 
Referring to Fig 7'71 

Overall height of frame //asi/w 4-?//»'=* O' +2 X 0 ^ 675—0 435 n». 
Overall length of frame ir=2H\» +-4a —2 X0 ! (-4x0 0675=0 47 m. 
Overall depth of frame* 6*=0'337r> m. 

Windings 

H.V. winding turrs T v = 20 ), L.V. winding turns 7',=-—-*400. 

• • • r 100X.0 0 , n . 

H.V. winding current Ip*= "good— 

50 

H.V. winding conductor area »25 mm 2 . 

. . 100X1000 oe „ A 

L.V. winding current /»=-——~ =*250 A. 

250 

L.V. winding area a»=—^--“l-S mm 2 . 


Example 7 9. Calculate the core and window areas of a 400 kVA, 50 Hz, single phase, 
core type povvr transformer. 'I he following data may be assumed : Ratio of weight of iron to 
weight of copptr**4, Ratio of length of mean twn of copper to length of mean flwc palh~0 5 ; 
maximum flux density ~1 5 Wb'm * ; current densily*»2 2 Ajmm 1 ; density of copper =*S"9x JO 3 
kg/m * ; density of irnn—7Sx JO 3 kg/m 3 , copper space factor ■= 0‘ 12. 

Solution. From Eqn. 7'18, 


C 


4 — 

\ 2 22 


SLxlO-V 

It !7< / 


From Eqn. 7’J7, net iron area 


Cx ( 

r Q 

G\ y'- 

K fBm l 

Gc ) 

16x( 

r 

400 

v 50X15 

X2'2X 10* 


From Eqn. 7’6, win 'ow area 


<T 


1 8'9x IQ 3 

22 X ° 5X 7-65X 10* X °‘ 


y a * 


16 


X4 


V /* 

J *0 0478 m 2 


2 27 / Bm Kv> $d<X Hr* 

__ 400 _ n .. , 

2 22X50X1 5X0 I2X.2 2X 10*x0 0498X |tr* “ u ,0j m * 

Example 7T0, Calculate the ratio of weight of iron to weight of copper, net iron area, 
voltage per turn and the constant K {where voltage per turn Et=Ky/ kVA) for a 500 kVA, 
50 Hz single phase co e type power transformer for (») maximum, efficiency to occur at 90 percent 
of full load (ii) minimum cost, (t'ii) minimum weight {iv) minimum volume. Assume i maxi¬ 
mum flux density 7 5 Wb/m * ; current density—2 75 A/mm 2 ; resistivity of copper at 
7 5 a C—2 1 X 10~ 3 Qm ; density of iion=7'65x JO 8 kg/m 3 ; density of copper m, g 9X JO 9 kg/m * ; 
ratio of specific cost of copper to specific cost of iron for built up cores—4 ; ratio of length 
of mean length of turn of windings to length of flux path ~0‘5 ; stray load loss—10 percent 
of full load copper lossiron loss per kg for V 5 Wb/m 3 =l 23 W Assume an extra loss for 
joints^O percent of total iron loss. 
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load. 


Solution. Specific iron loss pi=r2x l'23 = i 475 W/kg. 

Specific copper loss= - y — ^ =.- x ^ —- = 17 « W/kg. 

Specific copper loss including stray load loss p e — 1 ‘i x 17*B=s I9‘6 W/kg. 

Ratio of weight of iron to weight of copper to g>ee maximum efficiency at 90% full 


~~ * ip ~ =(0 9) 2 X-p~- 

(Je Pi 1475 


Now, 


10-57. 


C—( —^ -InSi. ilv ina] 

V 2 22 U gi ) 

J-L 

V 2'2S 

. , J Q Gi \ 1/2 500 

Net iron area A%—C[ - 75 -— • —— = 1 (>I 777 — 7 - 7 —rrvr 

\/JS ro S (Jc J \ 50X1 5x275 


89 X 10 s \ l, » 

•22 X °' 5 X 7 OSxHP" X 1 ° 3 ) * 16 


X 10“ 


x !() 75 )"- 


=0-0819 nv*. 

Voltage per turn Et=-4'A4j Bm ^<=4'44 x 50x l '5x0 0819 = 27 27 V. 

. „ „ Et 27-27 „ nil 

V Q 4 500 

(ii) Ratio weight of iron to weight of copper to give minimum test is GJG,.~ c,-/c, — 4 

500X4 V' 2 


Net iron area 


a Ai 16 ( sox: 


a«-d 


1-5x2-75x10“ 

AW4-44 X 50 X 1-5x0-05=16X5 V 

„ >6X5 

K — =0 745 

V 500 

Gi 


~o 05 in* 


(Hi) For minimum weight, - 77 - = ! 

Ire 

^lt=0-025 m 2 , A’ ( =8-34 V, and A'=0'375 
(i«) For minimum volume 

Gc 


7X5 


* 0-86 


gc 89 

■4t=0’023 m2 Et^Tl V and A=0-344. 

Example 7*11. A h.v. disc winding has 9 coils each separat'd by an oil duct as shown 
in Fig 7 02 page 394. Each coil has 10 turns as shown Compare the series capacitance, 
of the interleav'd disc coil ]mr as shown in Fig. 7 00 (b) page 3 90 with that of normal pair as 
shown in Fig. 7"65 (a). 

Solution, (i) Normal Coil. Let E be the voltage per coil pair and Ct the turn to 
turn capacitance. 

Voltage between adjacent turns Et=E/lQ as there are 10 turns in each coil. 

Electric field energy between successive and adjacent turns 

There are 8 complete pair of ducts (as there are 9 coils) and therefore the total electric 
field energy 

B'=8 X (£/10)*=0 04 CtB* ...(*) 
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L'*t Cti be the total effective series capacitance between turns 1 and 10. 

Total electric field energy O n E* ...(*») 

Equating (*) and (if), we have ; C , »i® , 0'08 Ct. 

(it) Interleaved coil The geometry of the turns is unchanged and therefore Ct 
remains the same. However, the interleaving effect increase's the voltage between adjacent 
(but no longer successive) turns to 5 Et [e.g turn 1 to G, J to 7 etc.) or to 4 Et ( e.g . 6 to 2 
and 7 to ' etc). 


Total electrostatic field energy 

Wi~{ C t [4(5AV10)*+44A7lO)*J»U-82 CtE * 

Let C ».j bo the effective series capacitance in this case. 

Therefore, total field energy**! Ci t E* 

Equating (tit) and (iv), the effective series capacitance Ct 2 ^* 1*64 Ct 
Hence, ratio of effective series capacitance for interleaved and noitn d coils is 


Ct a 

Cn 


1 64 Ct 
~ 0 08 Ct 


**20 5 


•>■««) 

...(it?) 


Therefore, a for the interleaved coils is !/•%/20'5=0‘22 times that for normal coils. 
Hence the voltage distribution in interleaved coils with surge voltages is much more uniform 
than that in normal coils. 

OPERATING CHARACTERISTICS 


746. Resistance of winding. 

Let Imtp, length of primary and secondary windings respectively, m ; 

rp, r»=resistance of primary and secondary windings respectively, m. 


rp** 9 


Tp JLnttp 


a* 


and r,=*p 


2 » Lmtt 


a • 

Total PR loss in windings Pe^Ifrp+IJr, 

Total resistance (per phase) of transformer referred to primary side 
P• 


*— 0 - “ r '+ ( T, )' r -" r '+( rt)'” 


V 

Per unit resistance 


..(7-30) 


Sr* 


- (7 31) 


IpRp 
Vp 

7 47. Leakage reactance of winding. The estimation of leakage reactance is 
primarily the estimation of the distribution of leakage flux and the resulting flux leakages of 
the primary and the secondary windings. The 
distribution of the leakage flux depends upon 
the geometrical configuration of the coils 
and the neighbouring iron masses, and also on 
the permeability of the latter. 

The most common arrangements of the 
core and the windings are of those of core and 
shell types as shown in Fig. 7*72- Fig. 7'72 (a) 
shows the case of cylindrical core type of win* 
dings of equal axial length. The leakage field 
is mainly packed into the space between the 
windings (».e. into the duct) and runs parallel 
with the core for nearly the full length of the 
coils. The distribution of leakage flux in the 
case of shell type of transformers having sand* 
wich coils is shown in Fig. 7‘72 (b). The field 
is mainly packed into the ducts between the («) Concentric (b) Sandwitcfa coils 

windings, and runs parallel along the width of winding 

the cous in this case. * Fif • 7*72. Leakage flux in transformer windings. 
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In both of the above two cases, the field is sufficiently symmetrical and geometrical 
and therefore considerable simplifications can be used to evolve usub'e approximate mathe¬ 
matical relationships. 

7*47*1. Leakage reactance of core type transformers. The arrangement of 
windings of a core type transformer is shown in Fig. 7'7i. The problem of calculation of 
leakage flux and consequent leakage reactance is greatly simplified by making the following 
auumption: 

1 . The primary and the secondary windings have an equal axial length. 

2. The flux paths are parallel to the windings along the axial height. 

3. The permeance of the leakage flux path external to the winding L« is taken to 
be so large as to require the expenditure of a ngligible mmf i.e. whole of the winding mmf 
is expended on the length of flux path of length L» ; tl.is path being entirely through air. 
Therefore, in fact, the assumption is that the mmf required for iron parts is negligible. 


4. The primary winding mmf Iplp is equal to secondary winding mmf LT, There¬ 
fore, the magnetizing mmf and hence magnetizing current is equal to zero. 

The total mmf AT=IpTp*~ltTi. 

5. Half of the leakage flux in the duct links with each winding. 

6 . The lengths of mean turn of the windings are equal 

7. The reluctance of flux path through yokes is negligible. 1 hcrefore, the rcluctfence 
of yoke does not aflect the flux distribution. 

8 . The windings are uniformly distributed and therefore the winding mmf varies 
linearly from zero from one end to AT at the other end. 




Kf 


under. 

Conductor portion. Consider an infinticsimal 
st» ip of width dx at a distance * from the edge of primary 
winding along its width. 

Mmf acting across the strip 


x_ 

bp 


.IpTp—(IpT v ) f- 

bp 




V' 


Three leakage flux paths 4>« and 4> 0 are shown 4^, 4>, are the leakage fluxes in 
the primary and the secondary windings respectively while 4>o is the flux throu h the duct. 
Let : 

Zi»=mean circumference of duct, 

Lc* 8 axial height of windings, 
bp, &*—radial width of primary and secondary 
windings respectively, 
o—width of radial duct. 

The flux leakages of the windings can be found as 


% 


■dx 


1 


V 


Core 


r 


.Windings 


Permeance of strip=*/* 0 ^~~dx 
Flux in the strip 
MIpTp) ~ X*o ^g-dx 

^LT IpTp ~bi dx ' 

This flux links with ( xJbp)Tp turns. 
Flux linkages of the strip 


t>s 


>>>K 








Fig. 7*73. Leakage flux and mmf dis¬ 
tribution in core type tr&nsfonners. 


-Hi-* ^u~ lrT * 't dxX T7 TpXfi °^ir w ( tt) ** 
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Hence, flux linkages of primary winding due to flux in the strip 

h 


*-!*■-* Tr w l(ir) 




Duct portion. Mmf aciing across duct^IpTp. Pcimcance of duet =/x 0 -~-c 

Jjc 

Flux in duct IpTpXpo —-a—fio IpTp-i—a. 

he Jjc 

Half of the duct flux links with each of the two windings 

or duct flux linking with primary winding— l/l'p ——a. 

4 ho 

This flux links with the entire primary winding. 

Flux linkages of primary winding due to duct flux $o—\rHoIpTp-~-a X Tp 

1 Jjc 

i 7 m o ho 

. = 2 -/-.W,- -£■» 

Hence, total flux linkages of primary winding 

V ~i~~ ( +bLo ~ ^ 

The above expression is simplified by assuming r m i—Lmtp~L 0 

1 * 1 ffi i i ^ \ 

•*’=>“ t't’uyT+T ) 

Lcakge inductance of primary winding =*p, j 

Leakage reactance of primary winding 

x(y-+f) -e-w) 

The leakage reactance of the secondary winding can be similarly calculated by assum¬ 
ing 


Leakage reactance of secondary Winding 

*-“^-"-Tr(-r+T) 

Leakage reactance of secondary winding referred to primary side 
, f r l'v V o f m t Lm> ( b$ a \ 

*■ “*■ lx j 2 / <**• “It + t) 

Total reactance of transformer (per phase) referred to primary side 
Xp*»xp+x* **2n ffioTp* -£^ a + " * 3 ^ ) 


■(7-74) 


Per unit reactance 


IpXp 


Vp 


n r IpTp* Lmt ( _ , 6j»d'6» \ 

' 2 "^xrr + -rJ 


O t -*4^ •£*»< 

,2, ^X T 


/ , M-&. \ 

\ a+ —j 


..(7 75) 


..( 776 ) 
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as Tp/Vp-^Et and IpTp**AT where AT is the total irvmf per limb of either coil. 

In some cases, one of the windings, usually the lev. is split up into two pai ls as shown 
in Fig. 7"/4. 


The leakage reactance ol transformer vper 
phase) referred to primary side in this case car* be written 
as : 


X p ~2na+ —— 


+ bp' 4 ' bi , a 

~- 4 t 


)... 


( 7 - 77 ) 


as the p.u. reactance 

AT Lml 


6*-ss2re/po 


Et he 


(•' 




where a close regulation of voltage is essential as ir 
distribution transformer used for purely domestic pur 
poses, it is necessary to make the leakage icactance 
small’so that the voltage remains within 3% ol the ratal 
value. The obvious way to achieve this is to sandwich the 
h.v. winding between two sections ol l.v. winding as shown 
iii Fig. 7'75. For the purposes of analysis the actual 
arrangement of the windings on each leg can be considered 
as consisting of two groups of coils connected in scries, 
with each group consisting of half the total number of 
turns per phase for each winding. 



Fry. 7-74. Minf distribu'ion in 
transformer with h.v. winding 
split in two parts. 


From liqn. 7 76, total leakage reactance of transformer (per phase) referred to 
primary side 

„ . ( T P V £»»* ( . \ 

Xp l **2nfno ^ 2 ) Lc ( a + 6 j 

and the total leakage reactance of transformer (per phase) referred to primary side 

X,-2 ) ...(779) 


uroup Group 



Fig. 7-75. Mmf distribution in core type transformers with h v. 
winding sandwiched between two sections of l.v. winding. 
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Comparing Eqn. 7*79 with Eqn. 7'?5, it can be safely concluded that the leakage 
reactance is reduced to nearly one fourth by subdivision and interlacing. 

7’47*2. Leakage reactance of sandwich coils. The idealized flux distribution 
in shell type transformers using sandwich coils is shown in Fig. 776. 

Let the h.v. winding have n coils. Each of the n coils is sandwiched between two 
coils ofl.v. winding. This requires the l.v. winding to have 
two half coils, one at each end of the winding and n—1 
full coils spread in between. Each half coil of l.v. winding 
contains half the number of turns of that of a full l.v. coil. 




■ w 


L V 


Thus, if there are n coils in the h.v. winding, there 
will ben —1 full coils and 2 half coils in the l.v. winding. 
The half coils have half the turns of a full coil. The win¬ 
ding can be considered as consisting of 2 n units connected 
in series with each unit consisting of a half 1 v. coil and a 
half h.v. coil. Each of these units can be treated on the 
same basis as that of cylindrical concentric winding. The 
width of the coil, W, can be taken analogous to axial length 
Le, of the cylindrical windings. 

Leakage reactance of each unit (per phase) referred 
to primary side with analogy to Eqn. 7*75 
r c ,( Tv \ 2 Lmt ( , b v +b, 

2» ) -rv+ — 

as Tp{ln= number of turns in each half coil of primary 
winding. 


r 

*?p 


MV 


T 

b L 


L V 




JHV 






L V 


SSSSSSSSSS ■ ' r ~7 "'" ' S 

Fig. 7-76. Sandwich winding. 


Total reactance of transformer (per phase) referred on the primary side 




Per unit reactance Ear 


"/*» u 
n 


AT 

Ei 


Lml ( . bp-\?b,\ 

j J 


...(7a(J) 
- (7 81 ) 


Ex napl a 7' 12. The on‘rent densities in the primary .and secondary windings of a 
transformer are 2 2 and 2 1 A/mm 1 respcolioely . The ratio of transformation is 10 : 1 and 
the length of mean turn of the primary is 10 per cent greater than that of the secondary. Cal¬ 
culate the resistance of the secondary winding given that primary winding resistance is 8 Q. 

Solution. Resistance of primary winding 

Tp lmlp TpLmtp _ Tplmtpbp 

. fT’* 

Similarly, resistance of secondary winding 

T.LmlX 

r ** =p T t - 

A * 

r. f Tt Lmti \ l ( Tp Imtp bp ) 

— =r (~~T. - 

Tt Lmtt bt Ip 

Tp Lm*P bp It 


\ \ ; \ WW \ S \ \ v \ v \ V X 
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Hence 


/JIV 

l (A\ 

(1-mla \ 

Iv T, 

A T P ) 

\ $*> J 

\ Lntji } 

f\ t 

li j V 

{ T ‘ V 

7 s 5 \ 

\f Lm1s\ 

it)(.',) 

A Tv) 

l ip J 

\l,Z) 


=0-0694 Q. 


Example 713. A 300 kVA, 6600/400 V, 30 Hz, delta/star 3 phase core type trans¬ 
former has the following data : 

width ofh.v. winding=25 mm ; width of l.v. winding** 16 mm ; height of coils—0 5 m ; 

length of mean turn= i 0'9 m ; h.v. winding turn *—830 ; 

width of duct between h f. and l.v. windings—15 mm. 

(а) Calculate the leakage reactance of the transfor mer repin'd to the h.v. side. 

( б ) If the l v. coil is split into two parts with one pa t on each side of the h v. coil, cal¬ 
culate the leakage reactuM* referred to the h.v. side. Assum that there is a duct 15 mm wide 
between h.v. winding and each part of l v. winding. 

Solution. Leakage reactance referred to the primary side 


if (o+^r) 

**2«X50x4«X10‘ I x(630) 2 x 0-01S+-- °-"^f' l lll6 j =|4 Li 


(6) The l.v. winding divided into two parts, one on each side of h.v. win ing and 
therefore Eqn. 7'79 is used. 

*,-»/ Po Tv* ~-( a + ) 

=*nX 50 X 4rc X 10~ 7 X (830)*X 0 015+—36 Q. 


Example 7*14. A, 100 lcVA. 2000/400 V, 50 Hz, single phase shell type transformer 
has sandwich coils. There are two full h.v. co Is, one full l v. coil and., two half l.v. coils. 
Calculate the value of leakage reactance referred to h.v side. Also calculate p. u. leakage reac¬ 
tance. The data given is : 


depth ofh.v. coil—40 mm, depth of l.v. coil—36 mm, 
depth of duct between h.v. and l.v.=16 mm, 
width of winding=012 m,“length of mean lurn=T5 ip. 
The number of turns in h.v. winding are 200. 


Solution. 


From Eqn. 7*80, leakage reactance referred to h.v. side, 


Xt=uf ft 


Imt 

w 


¥( 


«4 




*«X50X4«X 1Q~ 7 X 


J200)Y A . 


012 X 2 \ 


00164- 


. 100X1000 . 

H.V. winding current at full load**—-*“50 A. 


E 


2000 

50X1-41 


*00353. 



-1*41 Q. 


Per unit leakage reactance 


2000 
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? 48. Regulation, Fig. /7 (a) shows an approximate equivalent circuit 
former with parameters rvfe 'ied to primary >ide. 


of trans- 



, («> (b) 

Fig. 7-77. Simphncd equivalent circuit and pliasor diagram with la.'ging load. 


On no lo.ul th ■ secondary terminal voluigc V,> —f p. 1 he* drop in secondary terminal 
voltage from no lo i 1 to full load can be calculated by drawing the phasor diagram. 
Fig. 7 77 (6) show, the phasor diagram at a lagging power factor cos <ft. From the pliasor 
diagram : 

Vp — *f (IVT^i >Kp cov sin ,,Xp cos </>—!,,It,, sin 4>)“ 

Assuinhig that the angle 6 b.'tween V,, and V,! is very small, wc have : 

(>=!',/ +I,ltp cos tfi+IpXp sin j> or VVp'—Ipli,, cos (j>-\-l,,Xp sin <j>. 

The p.u. regulation, for full load rated output Q and full load current Ip, is : 





IpRp cos $+Ip Xp s in <f> 

V v 


c r cos sin $ 


...(781) 


If the rrgulation is large and the phase shift between Vp and V v ' is not justified. For 
this case the following relationship should be used. 

e=i:, shi $-*-$(£, cos <f> — e r sin if)*. ...(7’82) 

Example 7 15. Estimate the. per unit regulation, at full load and O'6 power factor 
ugginy, for a 300 ki T A, 50 Ih, 6600/400 V, J phase, delta/afar, core type transformer. The 
data given is : 

H.V. winding— 

outside diameter**- 0‘36 m, inside diameter=0"29 m, area of conductor—S'4 mm*. 

L V. winding— 

outside diameter—O'26 m, inside diameter—0 22 m, area of conductor>*=170 mm*. 

Length of r.oilg^O'o m, voltage per lurn—SV, resistivity =>0'2I Q/m/mm*. 

Solution. L. v\ voltage per phase V»— =231 V. 


L.V. turns 


per phase 


-H^L 

Et 8 


H.V. voltage per phase K P =6600 V. 


H.V. turns per puase 


T v — 


G600 

231 


X 29=826 


Mean diameter of l.v. winding** 


0 - 26 ± 0 ^ 2 __ 0 . 24ni 


Length of mean turn of 1 v. winding=nx0‘24=0'752 m. 

_ . ... 0-021X29X0-752 . 

Resistance of l.v. winding r*=--«*0"00269 fi. 
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Mt>an diameter of h.v. winding~( 0 '. 6-f0'2!J)/2—0’325 in. 

Length of mean turn of h v. winding— nx 0 - 325 — 1 02 m. 

Resist mi c of h v. wiruiinr = —- 2 I - X i}2tiX1 j>n 

Resistance of transform' r referred to primary R r —3 2U ft) Of> 2 (i 9 (HlVi y 47 ^ 

H.V. winding current per phase 7 ,,=^° X ‘ 0( ' n „ 15 -j A 

s> X t>600 

• • P.U. resistance cr=—i: -- irhiyti 

6600 ' t ia ’- 

Mean d.ameter—(0-364-0‘22)/2=-<r _0 m. 

L’ ngth of mean turn L mt ~n x0’29=0 91 m. 

Width ofl.v. winding 6*=(0'26-0 22)/2=0u2 m. 

Width of h.v. winding 6 p=-( 0 36-0-29)/2=0*035 m r Width of duct a^{0 29~0 2G)f? 

_ ~0 015 in. 

Leakage reactance of transfoimer referred to primary side 

X P —2n X50 X4rc x Iir - .y (826)-’ x —- ( O'015V^ 17 3 n 

0 5 \ 3 / 

a,,<1 P-»«. leakage reactance c ,= 1 3 - q ^ 73 =0 0395 

from Eqn. 7 81, per unit regulation 

«-e r cos ti-fc,. sin ^* 0 ' 0 i 26 X0'8-f0‘0395 X 0 ‘ 6—0 0338. 

attractlaeh ^ eCha " iC .‘ il f ° rCe ? h h wcU k,,own th:it P^;.llt J conductors repel or 
same direrrion lcr acc ^ rdl . n S wlirther the currents they carry arc in the opposite or in the 
Mechanical forces exist in transformers (even though they are stationary) 
rn / • 5 - , ” tera T ct ' , ' n of '!><* current in the windings with the leakage field surround- 

oppo^Tj^utT , ''" W b ' ' h,t ,h< ' l ”° win linRS ‘•‘"T currents in lh« 

The leakage fitld in a core type transformer is shown in Fig. 7 78(n). The leakage 



(a) Leakage field (->) Axial leakage field (c) Radial leakage field 
Fig. 7 78. Leakage fields and menachical forces. 


field can be resolved into its axial and radial components as shown in Fig. 778 (6) and (e). 
The mechanical forces produced on account of int. raction of two components of leakage 
flux with current are consequently in two different perpendicular directions The forces in 
two different directions are : 

(») radial forces and (ti) axial forces. 




414 


ELECTRICAL MACHINE DESIGN 


1. Radial Forces, Fig. 7 78 (b) shows the interaction of axial component ofleakage 
flux with the current carrying windings. Applying Fleming’s left hand rule it is found that the 
force acts in the radial direction. The nature of radial force is such that it tries’ to burst 
the outer winding (subjecting it to tensile force) and to crush the inner, winding (subjecting 
it to cnmprc'sive force). This is obvious, because the primary and the secondary windings 
of a transform t carry currents in the opp jsite direction and therefore produce a force of 
repulsion tending to puli the outer winding and to compress the inner winding. 

2. Axial Force* Fig 7‘78 (c) shows the interaction of radial component of leak¬ 
age flux with the current carrying windings. Applying Fleming’s left hand rule, it is foun ! 
that forces produced due to this interaction act in the axial direction. The forces acting on 
the transformer windings in tiie axi il direction .>re compressive in nature. However, 
if there is an axial magnetic assymmetry between the two windings, a tensile axial force is 
produced. 

< 

The ni tgnitude of force acting on a conduotor is proportional to the product of 
current in it and the intensity of magnetic field due "to currents in the neighbouring con¬ 
ductors, and since the latter is itself prop »rtiona! to the current, the forces are proportional 
to square of the current. The mechanical forces with normal load currents'are low 
compared to the strength of windings and hence, are not noticeable. However, when,large 
transformers are subjected to short circuit conditions at full voltage, the short circuit currents 
may reach 10 to 25 times full load vatue with forces increasing to 100 to 625 times under, 
normal conditions. Under fault conditions (such as short circuits or ocher severe faults) the 
mechanical forces may become so great as to damage the transformer permanently unless the 
windings are solidly braced i.e. mehanically reinforced. 

7-50. Calculation of mechanical forces. The mechanical forces produced in a 

transformer may be classified as : 

(t) radial forces, ( i) axial force®, and (in) unbalanced axial forces due to .magnetic 
assymmetry. 

w-.. 

7 50 1. Radial force*. Consider a core type transformer with cylindrical windings as 
shown in Fig. 7 79., The winding has T turns and carries an instantaneous current ». The 
instantaneous rnmf acting across the duct is iT. The flux, density in the duct is v 

Ba"*nH=ft 0 iTfL$. 

Thp flu* density in the windings varies from 0 to Ba. Therefore, the average value of 
flux density in the duct is 5«/2 or Ba,~p 0 %T/2Le. ( 

Radial force acting on a strip situated at a mean radius B within an angle 40 of 

a coil is 

dFf^turnsXflux density X current X length of strip 

=Tx Ba,xixBd9~Txx iXiM0=-(*T)« ~ d9 

2 lit 1 Ltt 

Hence, total instantaneous radial fore acting on the coil 
2b 2b 

0 * 0 

But 2x/?««mean periphery.of coil*».£mt 

F'—Q- (iT)* 


...(7*83) 
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Now, shoit circuit fault current is / 'r., 
where / is tl'e rras value of lull load current and 
&• is the per unit leakage reactance. (The resis¬ 
tance of the winding is neglected). On worst 
fault conditions the instantaneous value of current 
may become equal to twice the maximum value of 
current under short circuit conditions. 

under worst fault conditions 
*=2V2//t. 

Hence, maximum radial force under worst 
fault conditions is 

J*n ( n , n I Y Ut 
2 


2 ^-zf'Z 


..(7-84) 


The ratio of maximum radial force under 
worst possible fault conditions to maximum radial 
force under normal conditions is : 


Duel 



Fig. 7-79. Radial forces on windings 


F f(WPg) /^ 2j*o( V2//s g )*X/ W </ L . _2^ 

F r;no(]n f*o(Y 2/) 2 7.»«/ Lt. C B * 


It is clear from above, that the radial force is inversely proportional to square of the 
p.u. reactance. Let consider a transformer with e„=0‘05. The maximum radial force 
acting in this transformer is 2/(0'05)*=800 times that maximum radial force under normal 
operation. 

The average radial force under normal operating conditions is 

2k 

XT ■ 2 , I i,T * iM 
0 

2n 

“■? Ji I V2 7 !in, * ‘ ,(a,, 

0 

{IT)' ...(7*85) 

2 Lt 


The windings of a transformer must be designed to withstand radial forces under worst 
fault conditions. It is clear that circular coils should be preferred as they are the strongest to 
withstand radial forces. This is because the tendency of the radial forces is to make the coils 
circular *nd as they are already circular there is no deformation. However, if rec* 
fa.tgnlnr or square coils are used, they would be deformed by the radial forces. In shell 
type transformers, the coils are rectangular but these coils are mechanically braced for a 
considerable part of their length and hence are mechanically strong. 

7-38*2. Axial Forces. The winding currents interact with die radial component of 
leakage flux to produce axial compressive forces tending to squeeze the windings together at 
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the middle. With symmetrical windings these forces are not noticeable even at short 
circuits# 


In shell type transformers having sandwich 
coils symmetrically arranged as in Fig 7 80, there 
is a force of repulsion between the coils of each 
of pairs 1-2# 3-4, 5-6, and 7-8. The force on coil 2 
is opposite in direction to that acting on 3, likewise 
for coils 4—5 and 6—7. Thus there is force acting 
on coils 1 and 8 only.. The magnitude of this 
force is computed as follows: 

Average value of flux density in the winding, 
R - 1 iT * 



Fig. 7-80. Axial forces on windings. 


7*=number of turns in the end half coil. 


Instantaneous axiJl force due to interaction of magnetic fi<;ld and the current » in T» 
turns of end coil is: 


F„«a. Ut Tn »~-| 0 iTn . Tni—.~ . {iTn) ~ 


T 

But —— as 2n is the total number of half coils, 

in 


Average 



value of this force is: Fnav)"*-j~j • (W)* 


• #.(7'86) 
.#.(7-87) 


7*50.3. Forces due to at symmetry. 

has been for symmetrical arrangements of windings, 
equal with windings placed symmetrically with 
respect to each other. The mmf distribution in a 
symmetrical arrangement is uniform and therefore 
the magnetic centres of the windings are coinci¬ 
dent. Fig 7 81 shows a winding arrangement where 
the two windings have an axial assymetry as a result 
of which the magnetic centres are not coincident. 
The force, F, between the two windings can b: 
resolved into its radial and axial components. The 
radial component of force is F cos a and the axial 
component is F sin «. The latter may attain large 
values under fault conditions causing movement of 
winding in the axial direction which would in¬ 
crease the axial force still further. Therefore, in 
order to prevent axial movement of the windings, 
adequate bracing of the winding is necessary. 


The analysis carried out till now 
The axial length of windings is awnmed 



The causes Of axial assymmetry between windings of a transformer are provision of 
tappings for voltage regulation, manufacturing process of certain types of windings and non- 
pnitorm turn insulation. These are explained as under 5 
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1. One of the windings of the transformer, usually the h.v. winding, is provide! 
with tapping!. Theie tappings include and exclude a part of the winding during service 
This causes mmf unbalance between the windings in the axial direction. 


2 . When calculating the axial length of helical windings, one 
turn is added to the number of turns due to helical wind of the turns. 
However, at a greater width ht of the turn, an empty space, free of a 
conductor material, is formed at the ends of helical (or cylindrical) 
windings as shown by hatched area This causes shortening of winding 
height by approximately A/2. 

3. The end turns of the high voltage are reinforced to with* 
stand the effect of surge voltages. I herefore, the end coils of the win* 
dings have lesser turns and hence the mmf distribution of the h.v. 
windings is not uniform along axial direction. 



Fig. 7-82. Helical 
winding. 


The case of axial assymmetry caused by provision of tappings in the windings is sh'.v/i 
in Fig. 7'83. Due to cutting out of a section of one of the windings tu provide voltage r< 
tion, the axial length of the winding provided with tappings becomes smaller as compared 
with the axial length of the other winding. The axial forces produced are on account ol 
radial leakage field resulting from axial assymmetry of windings. Fig 7 83 (o) represent! 
worst conditions where the tap¬ 
pings are provided at one end of 
winding. The coils get further dis¬ 
placed due to assymmetry resulting 
in further intensification of forces. 

If the tappings are provided at 
both the ends, we have an arrange* 
ment shown in Fig. 7‘83 (6). There 
is thus ideally a lesser tendency to 
aggrevate the effect. Fig. 7 83 (c) 
shows the effect of providing tap¬ 
pings at the centre of a winding. 

The force acting between coils of unequal lengths can be calculated by resolving the 
leakage flux into its axial and radial components- Fig. 7‘84 (a) shows the case of two win* 
dings having unequal axial length, with each winding having an mmf AT . The arrange¬ 
ment is resolved as in ( b ) into two superposed mmf distributions (*) add (it) in accordance 
with the length wise unbalance k. The first case (i) is dealt with as if it comprised balanced 
windings of equal axial lengths, and latter (it) in a corresponding way b I with different 
orientation and appropriate physical dimensions. The windings are assumed to be enclosed 
between two iron surfaces separated by a distance 2 1 as shown in Fig 7 84 (c). 



(a) lb) (e ) 

Fig. 7-83. Axial forces of assymmetry. 
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fc( i T) 

Average value of radial flux den-ity B o»{r)=|/*o — 

Total instantaneous axial force acting on the coil 

Fn ^i k HP Ut {iT) =i ^ t{ •* r) *• 


Jsmt 


2(a 


Average axial force p 0 k(IT ) 2 ^ ^ ^ W j! J } ' j 


.. (7'88) 
...(7-89) 


Fig. 7'85 shows the different cas's of assymmetry in windings along axiallergth on 
account of provision of tappings. Both radial and axial forces are produced. The values 
ofp.u reactance and the values of radial and axial forces pro hi ced compared with those 
produced with symmetrical windings arc given. 


T 


100 


p.u. reactance 0* 1 

Relative p.u. stress: radial 100 
axial 0 


I 


014 

30 

18 


Di ID 0 j 
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Jl 

12 
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o-ll 

83 

9 


Fig. 7-85. Axial assymmetry in cylindrical coils. 


7 51. Bracing of windings. Inward axial forces are taken by windings them¬ 
selves. Inward radial forces are passed on to the formers, packing pieces and cor«s. Outward 
axial forces must be withstood by end insulation. A well constructed transformer should 
have suitable choice of conductor dimensions and interturn insulation, and the coils well 
supported and braced with compressive stresses kept in view. The en 1 supports a r e not 
easdy arranged to give .good insulation and at the same time good m cSanical strength. 
Therefore, the need for second quality (good mechanical strength) should be avoided as far 
as possible by having good magnetic symmetry and the unpreventive asymmetry caused by 
provision of tappings should be suitably distributed. 


Example 7 16 A 1000 kVA 66001400 V, 50 Hi, 3 phase della/.-tar, core type, oil 
immersed transformer has 500 turns on the h.v. winding. The height ofiindtng is 0 6m and 
(he length of mean turn V3 to. Calculate the instantaneous radial force o*rf&« h v. winding if 
a sho't circuit occurs at the termin rIs of the l.v. winding with h.v energypll. The leakage 
impedance is 5 percent. Take the doubling effect multiplier as J 8. Also caliulate the force at 
full load. 


Solution. Full load current per phase on h.v. side *= ' 3 - ^' 6600 ' ^ A. 

Instantaneous peak value of short circuit current 

-i-8xV"2~x(i/oo5)x50’5-258o a. 

From Eqn. 7 52, the total instantaneous radial force on the h.v. coil: 


(2580 X 500)* X^!~2-33X10*N. 


2 Lp 2 
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j—yin -7 !•« 

Force at full load, >’,= - —- (5l> 5x 500) 2 x^« «66 N. 

This v-h'-ws that the forces under short circuit conditions are considerably large as 
compared with forces at full load. 

Esajffplr 7 17. A 575 kVA, 7500/435 V, 50 Hz > single phase, core It/p ’ transformer 
has the folltpgsnq data. : 

Width of h.v. winding—27 mm, width of t.v. winding =^23 mm, width of duct **15 mm, 
height of coils *=*0 35 m, length of mean turn =125 m, numtter of turns in h.v. winding 
=190, per unit impedance =O'036 ; doubling effect multiplier 1 S. 

(a) Find the instantaneous radial force on h.v. winding under short circuit conditions 
if the height of h.v. and l.v. winding is equal. ( b ) Find the instantaneous avial force O t h.v. 
winding under short circuit conditions if the h.v. winding is 5 percent shorter than the l.v. 
winding at one end. 

Solution. Rms value of full load current**575 X 1000/7500** 67 A. 

Peak current under short circuit conditions, 

»-T8X y/T X 1/0-036X76’7=5420 A. 

(a) From Equ. 7'52, radial force Fr=^(»T)» 

4 JJC 

Am f y in-’ " l -o* 

- y—- x(5420x 190)«X~=2’38X 10« N. 
i U OD 

ih) From Eqn. 7'58, axial force F„=Q k T IT 

2 2 (o+5j*+6«) 

4«v in -7 I on 

“ 2 * 0 os y < 542 " * ,w * ToOTiv+o®]- 3 - 2 x l0 ‘ N ' 

This shows that there i? a very large axial force, even though one of the windings is 
only 5 percent shorter than the other at one end. 

7 52. No load current. The no load current / 0 consists of two components : 
(i) magnetizing current In (i») loss component Ii and its value is given by 7 0 *»(/m , -j-//*) 1/l 

Thus the estimation of no load current lo requires the calculation of its two compo* 
nents I at and It. 

7 52 1. No load current of single phase transform ere. Let 

U, l»“lcngth of flux path through core and yoke respectively ls m w), 

ate, atf=mmf/meirc for flux densities in core and yoke respectively. 

Total magnetizing mmf AT 0 ='2 ate le+2atf l»+mmf required for joints ...(7’90) 

The values of ate and a*y are taken from the B—H curves for transformer steel (given in 
chapter 4). The joints in a magnetic cheuit may be taken as sh >rt air gaps in parallel with 
iron paths. 

The calculation of total mmf is b i-ed up.nt the maximum value of flux density. 

Rms value of magnetising cun. nt U=AT 0 /{y/~ 2* Tp) ...(7*91) 

But the magnetising is not sinusoidal and tin rcloro the peak factor Kpk should be 
used in place of y/ 2. 

Tm^AToliKp* Tp) ...(7*9") 

Let the iron losses be Pi, the lo* f . component 

Ii=PilVp 


...(#* 91 ) 
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The iron losses are calculated by finding the weight of cores and yokes. The loss per kg i 
taken from relevant curves given in chapter 4. 

7'52 2. No load current of three phase transformers. 

Total magnetising mraf required for the transformer 

~3 ate l«+2 at f / ly+mmf required for joints. 

Total magnetising mmf required per phase 

A m _ 3atclc+2ati,l v 4-mmf required for joints 

"■*o---2— 1 -—-- ...(7‘94 

Magnetising current per | base I m =AT 0 /{4TT P ) or I m =AT 0 l(K P * T P ) ...(7 95 

The values of ate and at v are taken from relevant graphs given in chapter 4. 

Let Pi be the total iron loss for the three phases. h = Pt/Wp 


It is not usual to calculate the no load current in transformers as in a normally 
designed transformer, the no load current would be below 5 percent and a considerabit 
variation can be made in its value without effecting the transformer performance. 

7 51*3. Magnetizing volt.ampere. We have E P —4 44f T v B m At. 


Magnetizing volt ampere (V A) m ~E P In 


(4’44 fT P B m A<)(j4pL- y j 
4 44 fBnAt(AT 0 ) 

V* 


Now, .dTo-magnetizing mmf per metre Xlength of path in i-o n— 

4 2 


Weight of iron=»ili Z<X 7 8X 10®, if the density of iron is assumed as 7'8X 10® kg/m® 


Magnetizing volt-ampere/kg 
_ 4‘44 f Bn atm 
~4T X 7-8X10® 


=iQ-4fBmatnXlQ*. 


Now a curve can be plotted between Bn and magnetizing volt ampere/kg from 
Ji—H curve of the material (value of aim for different values of B m will be known from 
this B—II curve) Manufactures supply the magnetizing VA/ kg— B m characteristics and 
from it the magnetizing current can be known. 

Magnetizing current 


magnetizing VA/kgX weight of core 
number of phases X voltage/phase 


(7-P6) 


Example 718. A tingle phase, 400 V, 60 Hz, transformer is built from stampings 
Having a relative permeability of 1000. The length of the flux path is 2 6 m, the area uj cross - 
section of the core is 2’5 X 10~* m® and the primary winding has 800 turns. Estimate the 
maximum flux and no load current of the transformer. The iron loss at the working flux 
density is 2'6 W/kg. Iron weighs 7'8 X 10* kg/m*. Stacking factor is 0 9. 

Solution. Net iron area d<— 0'9 X 2*5 XI0~®—2*25 X10® m a 


We have, Ep~4'44f<t>n T P ** 4*44 f Bm At Tp. 


» __400_ 

444 X 50 X 2*25 X 10”® X 800 


rc 


Wb/m®. 


Flux in the core-A, 1 X2*25X 10"®-2*25X 10"* Wb, 
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Mnagetizing mmf 4r o =iuluct,tncexflux 

* 2'5xl 

1000 x 4*Xl0 -7 " 


p.li 

1980 A. 


- X<j>« 


li 

prp 0 


lim 


AT 0 


JW—.-TSA. 


Monetising cuirent / m — f== -- 

4 2 T P 42/ 800 

Volume of core=2 25 X 10~ 3 x 2'5=5‘625 x 10~ a . 

Weight of core=>5 625 X 10~*x7'8x 10*~43'li kg at.c! iron los^2 6X43 8 

= 144 W. 

Pi _ 114 


Loss component of no load current nn - 

V<p 400 

No Ioa \ current V1 75 2 -f0'285*= 1 '77 A. 


=0'2 5 A. 


Example 7'19 Calculate the active and reactive components of no load current of a 
100 V, 50 Hi, single phase transformer having the following particulars : 


Core of transformer steel ; Stacking factor =0 9 ; density - 7 8x 10* kg/m 1 ; length of 
mean flux path 22 m ; gross iron section 10 X 10~ 2 m 2 ; primary turns 200 ; joints equivalent 
to 0'2 mm air gap. Use the following data : 


Wb/m*. 

0 9 

10 

1 

1-2 

13 

1-4 

Mmf 

A/m 

1 

130 

2,0 

420 

660 

1300 

Iron loss 

W/kg 

08 

1-3 

19 

24 

2-9 


Solution. Gross iron arc*a= 10X 10 -3 m*. Net iron area=9 X 10“* m*. 


Flux in core =9 0 2 X I (T> Wb. 

Flux density a,“^-9 02X l<rV*X KT'-lWh/m*. 

Corresponding to B»=1'0 Wb/m*, mmf/metre»210 A, loss per kg*»l’3 W. 

.*, Mmf for iron path*»210x 2'2-*462 A. 

Mmf for joims—800,000 800,000 X 1 X 160 A. 

Total magnetising mmf, AT n **A62 +160-622 A. 

622 

Reactive (magnetising) current, /«= -rr= -=2‘2 A. 

4 2 X200 

Volume of core ^ ^xO'OOO *-0 0198 m*. 

Weight of core **7’8x I0*X00198*-155 kg. Total iron loss=155X 13«*20r5 W. 

Loss (active) component of no load current at0'5 A. 

No load current=y'/ w *4-/ i * =3C <^2'2 , +0 5 , =2 - 26 A. 

Example 7‘20. A 6600 V, 60 Hz single phase transformer has a core of sheet steel. 
The net iron cross ectional area is 226X 1(T * the mean length ie 223 m, and then are 
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four lap joint*. Each lap joint takes 1/4 times as much t*act ive mmf ns is required per metre, 
of core If Bm— I'l Wb mr, determine (a) the number of turns on the 6600 V winding and 
(b) the no load current. Assume an amplitude factor of 152 and that for given flux density $ 
mmf p p r e — 232 A/m ; specific loss^l'76 W/kg. Specific gravity of plales**75. 

Solution (a) Number rtf turns 


T=- 


E _6600_ 

4’44/ Bm .4 1 4'44x60x 1*1 X22’6X J0~® ” l 

(A) Mmf requited i.-rion p, 11 .« —L‘j' x 2 23=517 A. 

Mmf r quired for joii.t>.=4 v£x 232=232 A. 

Total magnetizing mmf j47o**51 7+232=749 A. 


4T 

M onetizing current lm~ 

ILpkl p 


749 


=0 318 A. 


ipkip l‘52xV"2X 1100 
• as peak factor if;.*—amplitude factor X 4 2). 

W..igiit of core*“2’23 X 22 6 x 10 -!, X 7 5 X 10 3 =378 kg 

Total iron loss Pi= 1 *76 x 378=665 W. Loss comp >n<nt /t= ——-.=0' 1 A. 


No load current/o™'^ (0 SIB^+IO l) s =0’333 A. 


Example 7'2I, A 15000 kVA, 33/6 6 kV, 3 phase star/delta, core type transformer 
has the following data : 


Net iron area of each limb —1 5x 10~ 3 «t®, net area ofyoke—l'Sx 10 ~ 8 m 2 , mean length 
of flux path in each l mb—2 3, mean length of flux path in each yoke*=l 6, number of turns in 
h.v. winding "*450. 


Calculate the no load current. Use the data given in example 7 19 for mmf per metre 
anti loss per kg. 

olution. H.V. winding voltage per phase==33300/v'3=19100 V. 

19100 


Flux 


<D. 


4 44X50X450 


=0191 Wb 


0 191 


Flux density in the limbs, Bm (limb)1’27 Wb/m : 


Corresponding to this flux density, at* =*560 A/m ; pi— 2'25 W/kg. 
Flux density in the yokes, B* (yoke)=~—p =106 Wb/m 3 . 

For this flux density, ol*=260 A/m ; pt= 1*4 W/kg. 

Total mmf for three limbs =3 X560X # 2’3=3860 A. 

Total mmf for two yokes =*2 X 260 x 1 ‘6=832 A. 

Total mmf for limbs and yokes =3860+832=4692 A. 
Magnetizing mmf per phase AT4692/3 —1564 A. 

Magnetizing current per phase /•»= 156 */(V2 x450)=2‘4b A. 
Volume of 3 limbs =3 x2'3 X 0*15= 1 035 m*. 

Weight of 3 limbs =1 035 X 70 X 10»=8 08 x 10» kg. 

Volume o' two yokes—2X r6x0'18=0‘576 m 8 . 

Weight of two yokes=0*576 x 7 0 X 10 8 =4’49x 10 s kg. 

Loss in limbs » 8 ’ 08 x 10 8 Xa‘25=18‘2x 10 * W. 
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Loss in yokes =4 49 X 10*X T4=6'3X 10 3 W. 

7'otal iron loss «-18 , 2Xl0»+6 , 3XlQ»«24'5X 10* W. 

Loss per phase ==24*5 X iO i j3*=8'l6'A 10* W. 

Loss component per phase It—8’16 X. !0 s /19100 — O'427 A. 

No load current / 0 =V2‘46 2 4-0 427*=2'5 A. 

7*53. Change of parameters with change of frequency. 

1, Effect on Losses. The specific iron loss is given by pi ~Khf B m s *f- K,pBm ! W/kg. 

From this relationship it is evident that chaugp of either j or Bm or both, will, in 
general, result in change of iron losses. As the transformer is designed on the basis of a 
definite heat dissipation, the PR loss should be re-adjusted if the tbtrl losses are to remain 
the same i.e. if the core loss under changed conditions is greater than that in the original 
design the PR loss will have to be made smaller, and vice versa. With the new PR loss, and 
effective resistance of winding, the new current rating is easily obtained. 

Let us examine the effect of change of frequency on iron losses if the voltage remains 
the same. We have voltage $=444/ BmAiT and eddy curnm loss P*=Ktf 3 BiP. 

Therefore as long as E remains constant product (fB m ) remains constant and there¬ 
fore, eddy current losses remain constant even though the frequency is changed. 

We have hysteresis loss Ph—KhfBn?. Now if applied vohage is kepi constant 
product fBm n mains constant. Let fBm^K. 

Hysteresis lost>=Kh[fBm)Bm^KHKBm=KHK. 

From above it is clear that the hysteresis losses will decrease with increase in frequency 
if the voltage is kept constant. 

r I hereforo, the total iron losses decrease if the frequency is increased and the applied 
voltage is "kept constant. Hence with increased frequency, we can afford to have more PR 
loss and thus for tin- same 1 >ss (i.e. the same temperature rise) the rating of the transformer 
can be increased. This fact is illustrated by example 7 23. 

». Effect on voltage. If :he flux density is also changed, the new voltage rating is 
determined from the emf equation. For the new voltage total iron loss and the magnetising 
cum nt and the no load current can be calculated. 

3. Effect on leakage reactance and resistance of windings. The change in 
frequency will not have much effect on leakage inductance and therefore leakage reactance 
will increase linearly with frequency. 

Due to skin effect, the effective resistance increases with increase in frequency. This 
effect is not normally important with small changes in frequency. 

Example 7*22. An 11 kV, 25 Hz transformer has PR, hysteresis and eddy torrent 
losses 16, 06 and 0‘4 percent of the output. What will be the percentage tosses if the 
transformer is connected to 22 kV, 50 Hz supply assuming the full load current to remain (he 
earns ? 

Solution, Subscript 1 refers to case with 11 kV and 25 Hz, 

Subscript 2 refers to case with 22 kV and 50 Hz. 

(a) PR lose. As the full load current is same in both the cases, the copper km 
remains the same. 

PR losses =i’o,=Foi= 1 *6 per cent of output with 1 lkV, 
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or 


The transformer is assumed to be single phase. 

JP,—-4 , 44/ 1 <I>m 1 / and E a —-A'44f % <b mi T. 


E<> __ 4>ina/» 
A’i 4>«i/, 


or 


22 

11 




50 


y' ._ 

~O mi ' 25 


(b) Hysteresis loss. 


or 


Ph—KhB*rf or 
.50 


Pa 2 =*0‘6x 


Bmj — Bm i ■ 

Pkj _Kh Bm^ fj _ 

p h 

1*2% of output with llkV. 


25 


(c) JEddy current fees. P«—A<Pm 8 /* or 


50 2 


P«2 KeBmyffar /a 8 
P«i KeBmi'/i 1 /j 4 


or 


P, t =0-4X— a =r6% of output with 11 kV. 


The output with 22 kV is double that with 11 kV as the curren* is the same in both 
the cases. Therefore, 


PR, hysteresis and eddy current losses are respectively 0‘8%, 0 6% and 0'8% of out* 
put with 22 kV. 

Example 7 23. A 40 Hz transformer is to be used on a 50 Hz system Assuming the 
Steinmetz's co-efficient as 16 and losses at lower frequency 12%, 0 7% and 0 5% for PR, 
hysteresis and eddy currents respectively. Find (a) losses on 50 Hz for the same supply voltage 
and current (b) output at 50 Hz for the same total losses as on 40 Hz. 


Solution, (a) The voltage and current at both 40 Hz and 50 Hz are the same and 
therefore the output in both the cases is the same. Subscript 1 refers to 40 Hz aud subscript 
2 refers to 50 Hz. 


The current at both 40 Hz and 50 Hz is the same and therefore the PR loss is same in 
both the cases. 

P;,^P C 1 = 1 - 2 %. 

... . 4’44/j®» 2 P j ,, „ 

We have, and as 

fi 40 

X ^=50 *-» or 8 B mi . 

i.., P* a KhBm* l *f* (0 8 

Now, hysteresis loss P*=*AiPm */ or 


or 


* 50 

£*-Pa 4 X 0'8 1- * X ^ -0*875 Pa x -0*875 X 0*7^0*61 %. 


Eddy current loss P.-U.,V»* or ^-*= ~f^»(0 8) 4 (-1 

P«a=P«i e= 0‘5%. 

(ft) If the rating of the transformer is changed, eddy current and hysteresis losses 
remain the same while there is a change in PR loss. 

Total loss in 1st case-1*2+0*7+0*5-2*4% 

Total loss in 2nd case— l'24-0’614 , 0‘5=*2’31%. 
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) * la order that the Ion should be equal in both the cases, the PR loss has to be incre.is- 
by 2*4— r31«*0‘09% in the 2nd case. 

/*il loss in 2nd case-» 1*2+0*09—T29%. 

PR low vuiw m the aquan of the output £»-( in 2nd cm. \» 

P»x \ output tn 1st case / 

( output in second case—output in 1st case X 4 Pn/Pei"* output in st case x y/ 129/12 

—1 ‘038 X output in 1 st case. 

| Thus an increase in frequency results in increase in rating. 

7 54. Temperature rise of transformers. The problem of temperature rise and 
jjolirig of transformers is essentially the same as that of rotating machinery. Similar to the 
iter, the losses developed in the transformer cores and windings during conversion are 
Inverted into thermal energy and cause heating of corresponding transformer parts. From 
S source th$ heat is directed, due to thermal gradients, to the places where it may b.i tram* 
tfred to a cooling medium i «. to air, or water, depending upon the method of transformer 
SOling. Heat dissipation occurs in the same way as in electrical machines, i.e. by way of 
tdiation and convection. 

The path of heat flow is : 


(*) From the internal most heated spots of a given part (of core or winding) to their 
ttter surfaces in contact with the oil. 

(is) From the outer surface of a given transformer part to the oil that cools it. 

(Hi) From the oil to th ■ walls of a cooler, for instance, of the tank. 

(iv) From the walls of the cooler to the cooling medium—air or water. 

In section (*) the heat is transferred by conduction In sections («) and (tit), the heat in 
ransferred by convection of the oil 

I In section (iv), the heat is d.s ipaled by both convection and radiation. 

7*54-1. Transformer oil as a cooling medium. Tests have shown that an 
yerage working temperature of the oil f o =50 to 60°C and oil viscosity corresponding to this 
(Onperature, the specific heat dissipation due to convection cf 6il is 

JUw-40*3 WH) 1 '* W/m* —°C 

there 0*■ temperature difference of the surface relative to oil, °C 

2/=•*height of dissipating surface, m. 

If we assume an average 0=2O°C and J5T=0*5 to 1 m, A f o»»==80 to 100 W/m*—°C. 

The corresponding figure for convection ^ue to air is 8W/m 2 —°C. Thus the convec* 
ion due to oil is tO times and above that with air. This constitutes a major valuable oro 
lerty of oil as a cooling medium. 


7 54 2. Temperature rise In plain walled tanks. The walls of tank dissipate 
eat by both radiation and convection. It has been found expirimentally that a plain tank 
iirface dissipates 6 and 6‘5 W/m*—°C by radiation and convection respectively (lor a tern- 
L—.-■— - r »!>*..* *» Thus the total loss 


srature rise of nearly 40°C above an ambient temperature bf 20°C\ T 
ssipation is 12 5 W/m*-°C. 

, — . . -_ total loss _ Pi+Pe 

., Tempera ure rise **‘ S p ec ifi c jj eat dissipation X surface,"" 12*5 St 


...(7*97; 


where 5/“heat dissipating surface of tank. The surface, to be considered in applying 
be above formula, is the total area of the vertical sides plus one half area of the cover, unless 
be oil is in contact with the cover in which case whole area of the lid should be taken, 
'he area of bottom of the tank should be neglected as it has very little cooling effect. 
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Fur transform* r-, of low output, tin* plain walled tan* 'ge „re enough to accommodate 

the transformer ami oil have sufficient su> face to keep t emperuturc rise within limits. 

But for transformers of hrge output, the plain walled tat re not sufficient to dissipate 

losses. Tlii-s is because volume and hence losses increase . be of linear dimensions while 

the dissipating surface increases as the square of linear * nsions. Thus an increase in 
rating results in an increase in loss to be dissipated per t area giving a higher tem¬ 
perature rise. 

Modern oil immersed power transformers with natural oil cooling and a plain tank may 
be produced for outputs not exc -eding 20—30 kVA. Transformers rated for larger outputs 
must be provided with means to improve the conditions of heat dissipation. This maybe 
done by providing corrugations, tubing or radiators where feasible. 

7 55. Design of tank with tubes. If the temperature rise as calculated with plaiti 
tank exceeds the specified limits, b can be brought down by provision of tubes. The pro¬ 
vision of tubes increases the dissip itirig area but the increase in dissipation of heat is not pro¬ 
portion d to area because tube screen some of tin. tank surface preventing radiation from 
there. So there is no change in surface as far as dissipation of heat due to radiation is 
concerned. But the increase in dissipation of heat is more than what is justified by the 
increase ni surface area. The circulation of oil is improved due to more effective heads 
of pressure produced by columns of oil in tubes. An addition of about 35 per cent 
should be mad'.'to tube area mi order to take into accoi diis improvement in dissipation 
ofloss by convection. 


I,i t the dissipalirg «m fi.ee of the tal k he St 

It will dissipate (6 j o 5) St — 12*5 St YV/G . Let the area of tub 'i—xSt. 

Loss dissipated by tubes by convection— 1 .15 X 6 5 xSt =8‘li x St YV/T 

Total loss dissipated by tank wall and tubes == I2'5 St f-8 8 xSt 

—St (12‘5+B 8 x) YV/°C 

Total .ire.i of tank vvalL and tubes — ,'s'» (• xSt — St (1+x) 


■ , (I2 3 + 8T*) e/ . 

Less di'sipati il a -— —YY/nr— G 

x f-1 


...(7 9b) 


etnp. t. tur. 


Q ^ _ £lLH _ 

S, (12-5+H-H x) 


._ 1 / Pi + P * 
“8 ill " St 0 



'1 otiil area < f tube 


..if 

H ,f{\ 


...(7-99) 


Pi+ft 


-12 5 St 


Let It and tIt be the length and diameter of each tube icspectively. 

Area of each tube —ndth. 

Hence, number of tubes nr~~ ^ ”^2 5 S: ^ ...(< 100) 

The area of the tubes can be found out by using the above expression. The diameter 
of tubes, normally used, n 50 mm and they are »paced at 75 mm Elliptical tubes with 
pressed radiators are increasingly being teed as th°y give a greater dissipating surface for 
smaller volume of oil. 

The inner dimensions of the trarsformer tank are fixed by the active dimensions of the 
transformer and clearances betw *en windings and grounded parts of transformer. 

YVidth of tank Wt—2D+ Dt-r2b (for thr*e phase) 

=»Z)+Z)« + 2& (for single phase) 

where ,D=distance between adjacent limbs, !><•■= external diameter cf h.v. winding and 
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b cl, ut.nice between h.v w mding and lank. 

Length „f tank Li~l) f * 21 

where /—clearance on each side between the winding am! tank al-mg the width. 



Ht 




1 


.71 -X~ 




IZL 




w, 




Fr.7‘86. Tank dimensions. 

Height of transformer tank Hi—II 4-A 

where i/=htiglu of transformer frame and A—clearance (height) between the assembled 
transformer and the tank. This includes the clearance at the base, nil height above the 
assembled transformer space fur terminals and rap changing gear Typical values of 
clearances b, l and h are given below : 



Rating 

kVA 

1 

A 

Clearan 

mm 

/ 

ce 

h 

1) kV or leas 

less than 1000 

40 

50 

450 


1C00—5000 

70 

l X) 

420 

about 11 kV 






less than 1000 

75 

100 

550 

and upto 33 kV 






1000-5000 

85 

125 

550 


7' 56. Air blast cool lag. At present time the radiators are forced cooled by small 
fans mounted on each radiator. Compared with natural cooling, air blast cooling of a tank 
increases the heat dissipation by 50 to 01) per cent or 

k=loss dissipated W/m*—°C by both convection and radiation with air blast. 

»(T5 to 1-6) X 12 5=*20 W/m*—°C. 
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1 ransformers upto a capacity of 10 MVA have a cooling radiator system with natural 
ooling. for 10 MVA upwards air blast cooling of radiator is used. 

7 57. Forced oil circulation. The velocity with which natural oil circulation takes 
lace is very low, o r the order of a few* tnm/s. Investigations of lie problem have 
.town that with an increase in velocity of oil circulation by m times, the transformer output, 
the same winding temperature rise, increases (wi ) 1 / 4 times. If for example m= 3 , the 
ransformer output rises by about 30 per cent. An excessive increase of oil circulating rate 
i unsuitable because this involves large energy losses in the pumping unit. To cool the 
il, it is circulated 'hcough a special oil ' ooler. 


In an oil cooler with natural air cooling the flow rate of the circulating oil is of the 
rdcr of 12 litre per minute per kW of losses. 

When the cooler is air blast cooled, the transformer output increases roughly to the 
ame extent as when the tank is air blast cooled. 

In transformers with water cooling of the circulating oil, the pipe coils and tube 
oolers are employed working on the counterflow principle. Cooler surf ice perlkWof 
osses ranges from O'18 to 0'25 m*. The flowrate of the circulating oil per kW of losses, 
;quals approximately 6 to 8 litre per minute. The water flow rate is about 1.5 litre per 
ninute. The temperature difference between the incoming and outgoing water is usually 
aken to be nearly 10°C. 

Example 7 24. A 250 k\A, 6600/400 V, 3 phase core, type transformer has a total 
oes of 4800 W at full load. The transformer tank is 125 m in height and 1 mX O'5 m in 
)lan. Design a suitable scheme, for tubes if the average temperature rise is to be limited to 35°C. 
I'he diameter of tubes is 50 mm and are sjiaced 75 mm from each other. The average height 
J tubes is 105 m. 


Specific heat dissipation due to radiation and convection is respectively 6 and 0 5 
Wjm l — v C. Assume that convection is improved by 35 per cent due to provision of tubes. 

Solution. Area of plane tank Si=2( 1 + O ',") X 1'25=3'75 m 2 


Let the tube area be zSt. 

Total dissipating surface=( 1 + x) Si~3'75 (1 +z) 

„ , . • 4800 36'5 0 /~i 

Specific loss dissipation +^*35 = 7+^ W / m “ G 


, 12'5+8‘8* .... - 

From Eqn. 7'98 loss dissipated ——TTZ W/m G 


12 5 + 8 ' 8 » 


1 +* 

3G'5 


or x=»2'73 


1+x IX* 

Area of tubes=2*73x3'75=10*23 m s . 

Wall area of each tube=«di h=nx0'05X T05=0’l65 m 2 . 


Total number of tubes to be provided»10'23/0 165=62. 

The tubes are spaced 75 mm apart. Therefo.e in 1 m along the width of tank, we 
can accommodate 12 tubes leaving 90 mm on each side. In 0'5 m along the depth of tank we 
can accommodate 5 tubes with 100 mm space on each side. The total tubes provided in the 
first row along width and depth are 2 X 12+2 X 5=34. The balance 62 *—34=28 tubes can 
be provided in second row at the back. 
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il tubes can be provided in a staggered fashion in each ofth» two long sides an< 
4 in each of the two short sides. 


/<5'*o ooooooooc 

OOOOOOOOOOOO' 



oooooooooooo 

ooooooooooo 


Fig. 7 87. Arrangement of cooling tubes 

.*. Total tubes provided =2 X 12 + 2 X 11 + 2 X 5 + 2*X 4~- (>4 

Fig. 7'87 shows the arrangement for tubes. 

Example 7 25 A 1000 kVA, 06001440 V, 60 11 z, .7 phtse, delinjstar, core type, oi 
immersed- natural cooled (ON) transformer The design data of the transformer is : 

distance between c-ntres of adjacent limbs—O'47 m, outer diameter of high voltag i 
winding**O'44 m, height of frame —T24 nt. 

Core loss kW and PR loss = 10'5 kW. 

Design a suitable tank for the transformer. The overate tempt ralure rise of oil shoult 
not exceed 35°G. 

The specific heal dissipation from the tank anils is 6Wjm 2 —°G and 6'5 W}tn 2 —*C du< 
to radiation and convection respectively. Assume that the convection is improved by 35% dm 
to convection- 

Solution. The clearance between windings and tank is assumed as 70 mm anc 
90 mn on each side along width and length respectively. 

/. Width oftank Wt—2D+D» J t2b—2 X 0'47+0*44-*-2 X0*07«»1'5Z m. 

Length oftank L,=/++2I»0'44+2 x0-09=0-62 m. 

Allowing 50 mm for the base and 300 mm for oil above the frame, 

Height of oil level from the bottom of tank=*l '24+0*05+0 3 at I 6 n. 

A further height of 300 mm is necessary for the leads etc. 

Height'of tank J5Tt = T6+0*3 = l*9 m. 

Dissipating surface of plain tank $f**2(!’52+0*62)X 1*9=8*132 m a . 

Let the area of tubes be * St. 

,% Total dissipating area=»(l +x) &=8'32 (1 +*) m 2 . 
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ELECTRICAL MACHINB DESIGN 


Specific loss (licsipa'ion A vs - I -j 5 -f R Bx 

l-j-x 14* 

l ut.tl 1»„-3 7 1 - Hi 5 -14 : k\V. Tin- temperature rise h to be kept below 35°C. 

C r I - 14 2 X 10 n 12 548’fte 

S-n-tifie 1 "A <!i«~sip;itioi*~ y; - ; —;—— ~-- 1 - 

' ■* i32 (H Kjyj;. i-fa- 

H™ 1 '", x-4 '4 r >. Area of tubes-* X/^4'25 X R , 132=34 , 56 in*. 

I he .iv'i r.ig, Icngjti dl tubes b approximately 1'4 rn and the diameter of each tube 
is r >0 nun. 


Dissipating art a <>l each tube~n dt /i-nx 0 05 X 1'4=0'22 m*. 

34 56 

lieno , number of tubes required Nt— —— —! 53 

'1 lie tubes art spaced 75 mm apart. 

The arrangement of tubes is : 

Along length : 4 row» on each side with 18, 17, 1G and 15 tubes 

Along width : 4-rows on each side with 7, G, 5 and 4 tubes 

Total number of tubes used —2 (184 174 16 + 15)42 (7 -}-6+5+4)“156. 


7 58, Thermal rating. The rating of a transformer is based exclusively on ther¬ 
mal basis, t'.i limit t ion b mig imposed by t lie maximum working temperature of the winding 
which will aflb’d a reasonable life to the insulation. The critical component of most trans¬ 
former insulat’iui is cellulose, which deteriorates physically or mechanically at a rate deter¬ 
mined by moisture content, electric stress and oil purity. The most important factor is 
temperature. Insulating mxterials. immersed in oil maintaine I continuously at a tempera¬ 
ture 75°C may have a life of 50 years, but low limit of temperature would be uneconomical 
from the rating ve-w point If the insulation is kept in oil maintained at a temperature of 
11 0°C continuously, the life may be less than 5 years. Thus this would require transformer 
replacement after a very short time. Therefore, the transformer should not be operated at 
a high temperature (for the sake of getting higher output) otherwise its life will be very 
short. 

The reference ambient temperatures assumed are ; 

(a) maximum ambient air temperature—45°C 

(b) maximum daily average air temperature—35®C 

(c) miximum yearly average air temperature—30°C. 

Operation of a transformer at its rated kVA provides normal life expectancy if the 
temperature of the cooling air does not, at any time, exceed the reference ambient tempera¬ 
ture, This results in copper in the winding attaining a tempcraiuie of 90° to WC 
(i.e. 55°G above maximum reference ambient tempe-ature of 35°C daily average and 45*C 
maximum) and an assumed hot spot temperature in the windings of about 105°C. A rough and 
ready rule concerning the deterioration of insulating materials at high temperatures which 
has received wide acceptance is that the rate of deterrioation of class A insulation in oil 
roughly doubles for every 8°C rise in operating temDerature. From this it is apparent that 
operation of a transform *r for any given p'riod in a coaling air temperature in excess of 
reference ambient temperatures such as to produce a rise in the temperature of insulation 
of8*G above normal is equivalent to its operation under standard ambient conditions for 
roughly double tlft; period. This would, of course, mean a corresponding reduction in the 
life expectancy of transformer. 

On the other hand, it is possible to operate a transformer in cooling air temperatures 
exceeding reference amb'ent temperatures whdst still miintaining its normal life err ctancy 
by suitably reducing its load from its rated kVA. As a very rough guide, »♦ may be stated 
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that for a transformer covered by 1 S 1 . <,p,-( ifjcation '.!t'i! 6 — 1962, a reduction in load Irorn its 
rated hVA of approximately 2 p< r c< m i>. iieos.-rv for this puip each I°C by which 
the actual c cling temperatute e'vieds the tvfirvtne ambient tempe r .)tnn l’lib title docs 
not hold good if the cooling air temperature exceed- the reference ambient tempetatute bv 
more than 10 °C. 

If the cooMng air tempo'.ume i- hv. rhan the reference ambient 'emperature it is 
possible to op.Mate the transform-’ at hud ,drove rt< rated k\'A by about ! jv-r rent per 
degree centigrade by winch coniine; air temp'raiur is less than the n fere o air ninthnt 
temperature Ibis holds good it t!i< cooling air tcmpeioture docs not differ fiom the refer¬ 
ence ambient temperature by m ie :ii.,n 10 °(' 

Wlc uev r the transformer has a ?< mpi suture rise h s- than its spec t fieri limit, i. may 
be subj efed to overload, on thermal con o,i> rations. 'I he time for which such an overload 
can be sustained depends obviously on the initial temperature and on the time constant, 
The greater the weight of tire transformer, the greater will be its thermal capacity an ! time 
constant. Thus a transformer with 1 irge weight has a smaller temperature rise for short 
time overload-. It is p i >ib!e to construct a transformer of small w< ighi to confirm with tin* 
standard rating in tup-it of temper.-.tti >• use of windings and oil bv providing ample tank 
coobng surface and adtquat*' duct-, in the windings Hut the pet lorm.iure of sor b a low 
weight transformer will be unsatisfactory on short time overloads owing to its small time 
constant. 

However, it is incorrect to compare two transformers in this respect sobly on the 
base- of w< ight< without a knowledge of their cooling The abilitv nl a ttan-former to with- 
sta; cl ove. loads drpends upon the dhciency of the coobng sysnnr as well as on weight. 

The overload that can be imposed upon a transformer depends upon die ratio full 
load copper loss P r to iron loss Pi. 

Let us compare two transformers, one with PjPi— 1 and other with P r fPt~7. 

At 200 per o n» overload, the first transformer has a loss ratio of. 

total loss at overload (2)'-X 1 4 1 9 . r 

total loss at full load ~ 1 + 1 

and the second transformer has a loss ratio of 

total loss at over load _ ( 2 ) 2 X 2+1 

total loss at full load 2 +1 

Therefore overload losses in two cases are 2'5 : 3 ; so that a transformer with a greater 
PrjPi ratio is less capable of sustaining overloads. 

7'59. Momentary overloads. Transformers in service must be capable of with¬ 
standing short-circuits at normal line voltage without injury. The duraimn of short circuits 
according to IS ; 202b—1962 is: 


Percent impedance 

4 or less 

i 

i 

5 

6 

! 7 and above 

1 

Duration of short citcuit 
s 

2 


3 

4 

l 

{ 

| 5 


The calculated winding temperature must not exceed 25 °C starting from an iruY <1 
value of 90°C for water co ding and 105 a C for air cooling. It is assumed that*tho heat genes 
rated is stored in the copper and there is no dissipation as the interval is very small. ' 
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ELECTRICAL MACHINE DESIGN 


Temperature rise 9 


«{. 


2 Ty + at 


, 620 X, l 0r , 

+ Tr.+rt J 0 


...(7 101) 


where 


ant 


orr 

<u X j 

I=time, s ; T t =8i 4-235° ; 

0,=initial temperature, °C 
A'«*=eddy current loss ratio at 73 n C 
«~0 0025 X loss in W/kg at 0, *•! 9 A*7’, x 10~* 

8 =current density, A/'mm 2 . 

7 60 Heating time constant of transformers. The heating time constant is 
Th^Oh/SX (see Chapter 3). 

J Ins means that the heating time constant Th is directl> proportional to weight Q and 
specific heat h wh.le u is inversely proportional to .specific heat dissipation A. The value of 
heating time constant lies beiwieri one to hve hours. Natural cooling and high voltage insul¬ 
ation, which try to give a reduced value of specific heat di sipation A» produce longer time 
constants. A transformer with large weight has a longer time constant and is thus capable 
ol withstanding momi ntary overload, better th'.n a light weight transformer (as in a trans¬ 
former with a longer time constant, it takes longer time for the temperature to rise). 


A transformer is not a homogeneous body and therefore the aboue relationship is not 
strictly applicable to it. As a transformer consists essentially of a core# a winding and oil, a.i 
having different weights, specific heats etc. we have to deal with the heating time constants of 
core To, the winding T v and the oil TV 

Example 7'26 shows how greatly the heating time constants differ for the different 
parts of a transit rrntT. 

Example 7 26. A3 phase 3000 kVA, 33 kV, 50 Hz, oil immersed tranaformer has the 
following data : 

Weight : core=5200 kg, cojper—-1200 kg, oi1=5500 kg 

Core losses =15 eH r , copper losses=57 kW. 

The. specific heats of core slid, copper and oil ait respectively 480, 390 and J670 Jjkg 


Assuming that tlie. temperature rise of core, above oil 9 t =2o°C% of the winding above oil 
Q*=20°(\ and the. temnrratwe rise of oil Qo=40 e C. Find the heating time constants for core, 
winding and oil. 

Comment upon the results. 

Solution. Heating time constant Th^Oh/S A 
but Q=SM or 8X=Q/B A Tm=0M/Q 

Q stands for loss in the above relationship. 

Heating time constant for : 


Core : 
Winding : 
Oil : 




5200X480X20 

18000 

1200x390x20 


57000 

5500 X 1670X -0 
18000+57000 


-2710 ?=46‘3 minutes. 
>164 s*=2‘74 minutes. 


=4900 s—81'7 minutes. 


Thus the heating time constant for oil is 30 times that of windings. This makes it 
legitimate tc assume that during rapid changes in load, wc may without any sv'thcant 
error, neglect the oil temperature variation as compared with that in the windings. T liere- 
• fore, the oil temperature is no indicative of the winding temperature during r oiu cnanges 
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of in load. Hence, in addition to a temperature indicate*! immersed in oil another term 
perature indicator must be used to monitor the temperature of the windings. 

DESIGN PROBLEMS 

Problem I [)rs<gn a 25 kVA, 11000! 43" T\ 50 Ifz, 3 phase, delta fsfor, tore type, oil 
immersed natural con], d distribution t>uusforvirr The transformer is p> or>drd with tappings 
± 2i ±5%onth' h v winding. Maximum 1fnip<rntwf list not to<xc , d 4 o’ C with mean 
temperature, rise of oil 35°C. 

Solution. 


Gore Design. The value of K is taken from Table 7 '«? 
K—0 45 for three ph.ve core type distribution transformers 
Voltage per turn Et — K^f 0^O'45 V 25 — 2 25 V. 

E t 2-25 


Flux in the core - 


4'44 x/ 4'44 X 50 


-0*t) 1 o 135 Wb. 


Hot rolled .silicon steel grade 92 is used. I he value of flux density Bm is assumed as 
1 0 Wb/m*. 

0 OH'135 

Net iron area 0 01035 m*=-10 I35x 10 s mm* 


Using a cruciform core, ctj=0‘5G r/ B 

Diameter of ciicumscribing circle d — V10*135 X I0*/0T)G = 134 5 mm 
Reference Figs. 7'52 and 7'53(o), widths of laminations ' 

«—0 85 i=0'85 X 135'ft — 114’H rnm, 5=0-53 d=0 53 x ! 35*8 = 71 G mm. 

The laminations an* punched fn-m 750 mm wide plates and the nearest standard 
dimensions are a~l 14 mm and 5=73 mm 

Window Dimensions. The window space factor for a small rating transformer is 
£*=K/(30+kV). 

.*. £*=8/(30+71 )=0*195. 1 he value assumed is £*=0* 18 

The current density in the windings is taken as 2 3 A/mm*. 

Output of transformer. 

<?=3-33/&»£*& A„ Ai\](r» 

25=3*33 X50X 1 X0 18X2 3 X I0*X ^XO OIOISSX 10"® 
or window area ^*=0*0358 m*=35 8X 10* mm a . 

Taking the ratio height to width of window as 2*5, 

#* X fFw=*35‘8 X 10* or 2 5 fF* 2 =3 8 X '0* 

Width of window Wu~ 120 mm and height of window =300 mm. 

Area of window provided /4.*=300X 120=36 X 10* mm*=0 036 m*. 

Distance between adjacent core centres D~Wwi-d~ 120 -f-135=255 mm. 

Yoke Design. The area of yoke is taken as 1*2 times that of limb 
Flux density in yoke®* 1 /1 *2=0*833 Wb/m*. 

Net area of ynke=l*2 X10T35X 10*= 12* 16 X 10* mm*. 

Gross area of yoke=12*!6x 10*/0'9<=13‘5X 10* mm*. 

Taking the section of the yoke as rectangular. 

Depth of yoke D„=a=114 mm Height of yoke#»-13*5x 10»/l 14*9*114 mm 

Overall Dimensions of Frame. Reference Fig. 7'70‘ 

Height of frame #=#*+2# r =300+2 X114-526 mm. 
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Width of frame W-=2D-\-a —2x255+114«»624 mm. 
Depth <>1 frame iJy —a — 114 mm. 

L.V. Winding : 

Secondary line voltage —433 V ; Connection*=star. 

Secondary phase voltage F*=433/v'3=250 V. 

Number of turns per phase r T$ = V t /Et= -50/2'25=\l I. 


Secondary phase current 




25X1000 

3X250 


33 3 A. 


A current density of 2 3 A/mm* is used. 

Area of secondary conductor ai=3T3/2 - 3 = 14 48 mm®. 

From Table 17T (IS : 1897—1062), using a bare conductor of 7'7x2'2 mm. 

Area of bare conductor o*= 14 '< mm*. 

Current density in secondary winding 8«—33‘4/14'9=2 23 A/m*. 

The conductors are paper covered. The increase in dimensions on account of paper 
covering is O' 5 mm. 

Dimensions of insulated conductor =*7'5 X 2‘7 mm*. 

Using three layers for the winding. 

Helical winding is used. Therefore space has tube provided for (37+1) =38 turns 
along the axial depth. 

Axial depth of l.v. winding 

Z-e*=38 Xaxial depth of conductor=38x7'5=285 mm. 

The height of window is 300 mm. This leaves a clearance of (300—285)/2 —7'5 on 
each side of the winding. (The minimum clearance should be 6 mm for windings having 
voltages below 500 V.) 

Using 0'5 mm pressboard cylinders between layers. 

Radial depth of l.v. winding 

6i=mimber of layers X radial depth of conductor+insulation between layers 
= 3x2*7 f-2x0'5=9'I mm. 

Fig. 7 88 shows a cross-section through l.v coil. 



Fig. 7 88. L.V. winding (All dimensions in mm). 
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Diameter of circumscribing circle rf-=-I3b mm. 

Using pressboard wraps I'5 mtn thick as insulation between 1 v, winding and core. 
Inside diameter ofl.v. winding®*! 35+2 X 1 '5-=« lift mm. 

Outside diam ;ter of 1 v. winding—138 + XV1 - 136 2 mm. 

H.V, Winding 

Primary line voltage*-11000 V. Connection—Delta 
Primary phase voltage Fp** 11000 V. / 

Number of turns per phase Tp—l 1000 X 111/250 =-4804. 

As i 5% tappings are to be provided, therefore, the number of turns is increased 
to Jp= 1*05 X 4884= 5128. 

The voltage per coil is about 1500 V. .*. Using 8 coils. 

Voltage per coil—11000/8= 1375 V. Turns per coil**5158/8 ==641. 

Using 7 normal coils of 672 turns and one reinforced coil of 424 turns. 

Total h.v. turns provided T P = 7 X672+424 =-5128. 

Taking 24 layers per coil. Turns per layer—674/24=28. 

Maximum voltage between layers**2 X28 X2*25=-126 V, which is bilow the allowable 

limit. 

H.V. winding phase current / f =0757 A. 

As the current is below 20 A, cross-over coils are used for h v. winding 

Taking a current density of 2‘4 A/mm 2 

Area of h v conductor o,p=0 757/2*4—0.316 mm*. 

Diameter of bare conduclor—(4/nx0'316) 1 ' 2 =0'635 mm. 

Using paper covered conductors. From Table 17*4 (IS : 3454- !<66) the nearest 
standard conductor size has . 

bare diamet<*r=0'63 mm, insulated diameter=0 805 mm with fine cnv« ring. 

Modified area of conductor «p=it/4 X (0*63)*—0 312 mm*. 

Actual value of current density used 0*757/0 312=*2*43 A/miti 3 . 

Axial depth of one coil—28 X 8*05—22*6 mm. 

The spacers used between adjacent coils are 5 mm in height. 

Axial length of h v. winding : 

Lep =number of coils X axial depth of each coil 4-depth of spacers 
**8x2264*8x5=221 mm. 

The height of window is 300 mm and therefore, the spice left between winding ;■•.<! 
window is 300—221=79 mm. This is occupied by insulation and axial bracing of the c>> '. 
The clearance left on each side is 39*5 mm, which is sufficient for 11 kV transformers. 

The insulation used between layers is 0*3 mm thick paper. 

Radial depth of h.v. coil ft*=24x 0*805+23 X*0'3=26*22 mm. 

From Eqn. 7‘22 the thickness of insulation between h.v. and l.v. winding is 
—5+0*9 kV —5 +0*9X11 st! 5 mm. This includes the width of oil duct also. 

The insulation between h.v. and 1 v. winding is a 5 mm thick bakelized paper 
cylinder. The h.v. winding is wound on a former 5 mm thick and the duct is 5 mm wide,) 
making the total insulation b-tween h.v. and l.v. windings 15 mm. 
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.*. Inside diameter of h.v. winding ' ' ^' 

=outside diameter l.v. winding+2 X thickness of insulation 
= 156'242X15= 186*2 mm. - 

Outside diameter of h.v. windings : 86*2+2 X 26"22= B 238 , 64 mm =4239 mm. 
Clearance between windings of two adjacent limbs =255—239*16 mm. 
Resistance 


w . ,. 186'2 + 239_„ in 

Mean diameter of primary winding=-~~-at2I2 mm. 


Length of mean turn of primary winding Lmtp—n X 212 X 10~ , *=0"666 m. 
Resistance of primary wimling at 75°C ry=^———- P 


a r 

48H4X0021 X 0-666 
0-312 


*2i9-2 a 


.. 138-1-156 2 

Mean diameter of secondary winding*-^-=<149 mm. 

Length of mean turn of secondary winding jU»i»=«X 149X 10"*=0'468 m. 

.. 111x0021X0 468 

Resistance of secondary winding at 75 C., r»=-j^Tg-- 


*0-0732 Q 


M884 \* 

Total resistance referred to primary side 2?j>=219'2+(-j-j-y-J X0 0732=364 Q. 

0757X364 


P.U. resistance of transformer e r = 


Ip Up 


11000 


=0025 


Leakage Reactance 

Mean diameter of windings=(1384-239)/2= 188*5 mm. 

Length of mean turn Lmt~n X 188 5X 10"*=0-592 m. 

Height of winding 7*=(L w + JW/2*(221 + 285)/2*253 mm. 

Leakage reactance of transformer refened to primary side 

X P =2nfr 0 T P '-^(a+}z±h-) ,. f , 

=2«X50x4n xl0- T x(4884) s X^-^|||-^x( 154 t 6 —* ^X 10~ 3 =59o fl. 

P.U. leakage reactance e»=0 '757 X 590/110 00=0*0406. 

P.U. impedance 6»= V'(0 , 025jW(0 0466)*=0 0477. 

Regulation. P.U. regtilation £=e r cos ^4;*« sin » 

Per unit regulation at unity power factor e=6r=0‘025, at zero p.f lagging £=e, 2 
0‘4( 6, at 0’8 p.f. lagging £=0*025 X0 84-0 0406 X0'6=0 0444. 

Losses 

7 *R Loss 5 ' -\ < 


PR loss at 75°C, =3V R p =3 X0‘757 a \ 364=626 W. 

Taking stray load loss 15% of above. 

Total PR loss including stray load loss Pc*l-15X626*720 W. 
Core Loss 

Taking the density of laminations as 7‘6X 10* kg/m s , 
weight of 3 limbs=3 X D-3X0-010135 X 7*6 X10*«69‘3 kg 
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The flux density in the limbs is 1 YVb/m* and corresponding to this density, specific 
core loss is T2 W/kg (See Fig. 4 29 page 148 for 92 g ( a<i. ) 

A Core loss in limbs =69 3 x 12 =--83 2 W 

Weight of two yokcs=2 X 0‘6£4 x0 0!2 ! 6x 7 < i< >-• ; kg 

Corresponding to a flux density of 0 833 Why nr hi the \uki. tho >p rdie core loss 
=0'85 W. 

Core loss in voke= 115'3 X O'Ha = 98 W. 

Total core losses i\*«83'24-980 =i 181 W. 

Efficiency. Total losses at full load=18i 4-728=901 W. 

95 ( | 0 || 

Efficiency at full load and unity p.f --, *: 100=96*5 per cent 

For maximum efficiency x * Pt—T‘i x — \* l\:P r — v / l8i/7Jt)=--() 0501 

Thus maximum efficiency occurs, at 50' 1 percent <>t full load This is a good figure for 
distribution transformers. 


No load current. Corresponding to flux d-nsiths of ! Wl»/in* and 0 833 Wb/m* 
in core and yoke respectively at r «= 120 A/m and at v —80 A/rn (See lug. 4'8 page 122) 

Total magnetizing mmf=3x 120X0 34-2x8 ' x0'<>24=-=207 A. 

Magnetizing mmf per phase .4 7' 0 =207/3- 69 A ’ 

Magnetizing current T m =ATj(y/2 7' P )~62/V2 X4884)=5T>X Hr* A 
Loss component of no load current fi— 18./3X l]000=5T>x 10 ' 3 A 

No load current J 0 — \/(10 X i0"*)*4-{5'5 X 10“ :, ) a --11'4 X 10“* A. 

11'4 X10“* 

No load current as a percentage of full load current^—{P 757 — x 100=1*5% 


Allowing for joints etc. the no load current will be about 2‘5% of full load current. 

Tank Height over yoke J5f=520 mm Allowing 50 mm at the base and about 150 mm 
for oil. Height of oil level = 528-f504-150=728 mm. Allowing another 200 mm height for 
leads etc., height of tank i?i=7284-200=928 mm. The height of tank is taken as 0'95 m or 
Ht— 0'95 m. 

Assuming a clearance of 40 mm alon^ the width on each side 3 ' i 

Width of tank W5=2Z>+2VH2Z=2x255+239-f 2X40=829 mm. 

The width of tank Wt is taken as 0‘84 m. 

The clearance along the length of the transformer is greater than that along the 
width. This is because additional space is needed along the length to accommodate tappings 
etc. The clearance used is approximately 50 mm on each side. 

Length of tank 2 a“ 2)«+2& , “239+2 X50=239 mm. 

The length of tank Lt is taken as 0'35 m. 

Total loss dissipating surface of tank #»=2(0'84-f 0'35) x0'95<-2 26 m*. 

Total specific loss dissipation due to radiation and convection is 12'5 W/m*— c C 
Temperature rise—901/(2'26x J2'5)=3T9°C 

This is below 35° C and therefore plain tank is sufficient for cooling and no tubes are 
required. 

Fig. 7*89 shows core and winding details of the transformer. 
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DESIGN SHEET 


kVA 25 
Line v.dugr 

Line current 



Type—core Type <‘f cooling—ON 


1. 

Core 

Material 


0'33 mm thick 92 Grade 

2. 

Output constant 

K 

0-25 

3. 

Voltage per turn 

Ei 

2-25 V 

4. 

Circumscribing circle diameter 

d 

135 mm 

5. 

Number of steps 

... 


6 

Dimensions 

... 


7. 

Net iion area 

a 

b 

114 mm 

73 mm 

10-135x10* mm s 

8. 

Flux density 

u M 

10 Wb/m* 

9, 

Flux 

4>m 

10 13 5 m Wb 

10. 

Weight 


69 3 kg 

11. 

Specific iron loss 


l-2W/k g 

12. 

Iron loss 


83-2 W 

1 . 

Yoke 

Depth of yoke 

D, 

114 mm 

2. 

Height of yoke 

Hy 

114 mm 

3. 

Net yoke area 


1216x 10* mm* 

4. 

Flux density 


0-833 Wb/m s 

5. 

Flux 


10-135 m Wb 

6 . 

Weight 


115-3 kg 

7. 

Specific iron loss 


0-8 W/kg 

8. 

Iron loss 


98 W 

1. 

Windows 

Number 


2 

2. 

Window space factor 

K v 

0 18 

3. 

Height of window 

H„ 

300 mm 

4. 

Width of window 

V* 

120 mm 

3 

Window area 

Myf 

36 x 10* mm* 

1. 

Frame 

Distance between adjacent 
limbs 

D 

255 mm 

2. 

Height of frame 

H 

536 mm 

3. 

Width 6f frame 

W 

624 mm 

4. 

Depth of frame 

Dy 

114 mm 
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Windings 

L.V. 

H.V. 

1 . 

Type of winding 

Helical 

Cross-over 

2. 

Connections 

Star 

Delta 

3. 

Conductor 

Dimensions—bare 

7-0x 2 2 aim’ 

Diameter*^0-63 mm 


insulated 

7-5x2 7 mm* 

Diameter ^=0814 mm 


Area 

14-9 mm* 

0-312 mm* 


Number in parallel 

None 

None 

4. 

Current density 

2'23 A/mm 8 

2 43 A/mm* 

5. 

Turns per phase 

111 

4884 (5128 at-5% tap) 

6. 

Coils 



total number 

3 

3x8 


per core leg 

1 

8 

7. 

Turns 




per coil 
per layer 

111 

34 

7 of 672 turns, I of 424 turn* 
28 

8. 

Number of layers 

3 

24 

9. 

Height of winding 

283 mm 

221 mm 

10. 

Depth of winding 

91 mm 

26 mm 

11. 

Insulation 

Between layers 

0 3 mm press board 

0 3 mm paper 


Between coils 


5-0 mm spacers 

12. 

Coil Diameters 

Inside 

138 mm 

186*2 mm 


Outside 

156*2 mm 

239 mm 

13. 

Length of mean turn 

0-468 m 

0 666 m 

14. 

Resistance at 7S°C 

0 0732 A 

219-2 A 

Insulation 



1 . 

Between l.v. winding and core 

=press board wraps 15 mm 


2. 

Between l.v. winding and h.v. winding =bakelized paper 3-0 mm 


3. 

Width of duct between l.v. and h.v 

=5 aim 


Tank 



1 . 

Dimensions 




height 

Ht 

0'95/m 


len th 

Li 

0-35 m 


width 


0-84 m 

2. 

Oil Level 


0-728 m 

3. 

Tubes 


Nil 

4. 

Temperature rice 


31“9*C 

lupMuna 



1 . 

P.U. Resistance 


0025 

2. 

P.U. Reactance 


00406 

3. 

P.U. Impedance 


0444 

Locoes 



1 . 

Total core Ion 


181W 

2. 

Total copper lose 


720 W 

3. 

Total loaaes at foil load 


901 W 

4. 

Efficiency at full load and u.p.f. 


96*5% 
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Problem II. l)csign a 500 kVA, 50 Hz, 6600/400 V, tingle phase core type, oil 
immersed, natural cooled power hans former. The mean temperature rise of oil not to exeetd 
35°C. 


Solution. Core Design 

Fur this transformer we use 5 j Grade (G.K.W.) cold rolled oriented sic 1 laminations. 
The following assumptions are made : 

&* = 1'5 Wb/m*; 8—2 75 A/mm 1 * ; gr c =»8’9xl0 3 kg/m 3 ; </<—5 G'“ X10* kg/m 9 ; 
raiio Lmt/li 0‘5. The values of constant K for various conditions have beus \\oik<.d out in 
Example 7' 10, page 404. 

The value of K is respectively T22, U'745, 0'375 and 0”344 for maximum efficiency 
it 90% full load, minimum cost, minimum weight and minimum volume. 

It is clear from above that if the tiansformer is designed for maximum efficiency to 
occur at 90% full luad, the cost would he exhorbitant. Then fore, keeping the cost of the 
transformer the main consideration and keeping in view to some extent, the efficiency, 
volume and weight of transformer the value of K is assumed as 0 8. 

Voltage per turn =08.^"500—17‘9 V. 

Flux <fy»=17'9/(4'44 x 50)=0'0806 Wb 

Net iron area .di"=»0'0806/r5=0'G53‘/ m 2 —53'7x 10 3 mm*. 

A 3-stepptd core is used. From Table 7.3, for a 3-stepped core 

j4i*»0'6 d 3 or diameter of circumscribing circle d—y/5 3’7 X 10"*/0 - 6=300 mm. 

The dimensions of the laminations are : 

o=0-9X 300=270 mm, 6=0 7x300=210 mm, c=0'42 X300=126 mm. 
(See Fig. 7 53 page 382). 

The standard sizes of laminations used are 270 mm, 215 mm and 135 mm. 


Wiadow Dameusioas. As the transformer is rated at 500 kVA, we take window 
space factor 

~ 10 . 10 


30+kV T 30+6 6 


=027. 


From Eqn. 7 6, for a single transformer, <2= 2'22 j B m K v 8 Am A<x 10“ 
or 500=2 22x50x1 5xO'27x2'75x lO‘x.dwXO'0537X !0“ 3 

Window area At»=75 - 3X 10 s mm* 

Taking the ratio height to width of window=2 5 2'5 JFu,*=75’3 X 10 s . 

Width of window IKi»=175 mm and height of window J? w =437’5 mm 
Distance between adjacent limbs D=d+IFi»=300+175=475 mm. 

Yske Design 

The area of yoke is taken to be the same as that of core. Assuming rectangular 
cross-section for the yoke. Height of yoke // v =--a=270 mm and depth of yoke D*=a=270 mm. 

Frame 

Height of frame*H-+2^=^37-5+2 X 270=977 5 mm. 

Width of frame=Z>+a=475 +270= 745 mm. Depth of frame a=270 mm. 

Winding*. 

L.V. Winding 

L.V. winding turns 2*=400/17*9=22‘3 say 22. 

Modified value of core flux density 2?«.= T5X 22'3/22=1'52 Wb/m a . 
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...... , 500 V lOOo . 

1. V. wauling current /,=-- r.’~»o A 

° 400 


1250 

Area of l.v. conductor Ok=— rr- =455 ti in 2 . 

J 7o 


Helic il wi. ding is used. 'I he l.v. coudt.ctei consists ol 20 strips connected in parallel. 
Each strip is 6x4 mm in cro s-scuion with an area if 23 4 nun 2 (see Table 17'1). 


Total area providid n»=20X23*4 = 468 rnnr. 

Actual current density used 8j-= 1250/468-•2*67 A,trim 2 
The arrangement of twenty conductors is diowu in l ,- ig 7‘00 
The insulated conductors have dimensions 6*5 X 4*5 mm. 
Axial depth of one turn=^ X6'5 +1 mm slack ~33’5 mm. 
Radial width of one turn--5x4 5 + 1 mm slack ==-10 mm. 


The winding is applied on both the limbs with 11 
turns per limb Therefore space has to be piovided for 
11 + 1 » i\ 12 turns. 

Axial height of l.v. tod L r «=12 X 335=402 rnm. 

The height of window is 437 5 mm and the balance 
height of 35'5 mm is occupied by end insulation and bra¬ 
cings etc. 

Radial depth or width of 1 v. coil &,= 19 mm. 

The insulation between core and l.v. winding is 
bakelite former 5 mm thick. 

Inside diameter of form< r d~300 mm. 

Outside diameter of former=3 iO mm. 

Inside diameter of l.v. winding—310 mm. 

Outride diameter of l.v. winding=3IO +2 x 19 

=349 mm 

Mean diameter of l.v. winding 

=(3l0+348)/2—329 mm. 


- 



Length of mean turn of 1 v winding Lmr« a »itx0'329 — I ‘03 m. 

22X0*021 XI 03 „ 

Resistance of l.v winding r,- - Tkr - ass(MWl 12 


losses in 1 v windings (125Q)*X()'001 =1562 W. 


H.V. Winding 

H.V. winding turns Tp=(6600/400) x22 = 363. 

Using 182 turns on one limb and 181 on the other 

. 500X1000 „ e ., B . 

H.V. winding current Ip -ggjjjj '•> A. 

Area of h.v. conductor o p =75'75/2 75=27 5 mm*. •> 

The available height of window is not sufficient for a single coil. 

Therefor e a double helical winding is used with 91 turns in helix v (On one limb 
there are 91turns^perlrelSfout on tteuflierthere are 91 in one and 90 in the other helix), 
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The cross-section of* b.ire conductor is 3 5 X 0 mm. It is wound on edge with 05 mm 
thick press board between turns. 

Area of h.v. conductor a P — 27*4 mm 2 , (see Table 17 1). 

Radial width of each coil=8 mm. Axial height of each turn=3'5+0'5=4 mm. 


! 

Axial depth of 91 turns-92x4 

368 mm 

Insulation and bracing etc. 

60 mm 

Slack 

9 5 mm 

Window Height 

437 - 5 nun 


Axial height of h.v. coil, Zirj>=368+9"5=377-5 mm. 

Insulation between h.v. and l.v. windings 

=5+0-9 kV=5+0‘9x6'6 *=11 tnm. 

Using a duct 6 mm wide and a former 5 mm thick for first coil (helix) of h.v. winding. 
Inside diameter of first h.v. former=348+2x 6=360 mm. 

Inside diameter of 1st h.v. coil—outside diameter of first h v. former 

=360+2x5=370 mm. 

Outside diameter of first h.v. coil =*370+2 X 8=386 mm. 

Allow a duct 8 mm wide including the former for second h.v. coil. 

Inside diameter of second h.v. coil=386+2 X 8=402 mm. 

Outside diameter of second h.v. coil=402+2x 8=418 mm. 

Distance between h.v. windings on adjacent limbs=475—418=57 mm. 

Mean diameter of h.v. winding=(360+418)/2=389 mir.. 

Length of mean turn of h.v. winding Imtp—n X389 mm = T22 m. 

Resistance ol »i.v. winding at 75 C» r v — - -=0 34 Q 

PR loss : n h.v. winding=(75‘75)*XO'34=1951 W. 

Resistance 

Total PE loss=1562 +1951 =3513 W. 


This is ij creased by about 10 percent to account for stray load loss. 

.*. Total PR loss including additional loss P c = 1* 1 X 3513=3865 W. 

Resi stance of transf rmer referred to primary (h.v.) side 


3865 

Upms (7575)* 
P.U. resistance of transformer tr 


0*674 fl. 

7575X0 674 
6600 


0 0077 


Leakage Reactance 

Length of mean turn Lmt—n x 10~*=1T4 m. 
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.. » 0 :77540 402 n ,. n 

Mean height of coil L«= — • --— —0 JO ni 

The windings are divided equally over two limbs and theiefi re the leakage reactance 
of the transformer is equal to twice the leak 'go re.u tance of w Hidings arranged on one 
limb. Further the h.v. coil is divided into two parts and therefor" Lqn. 7.78 is used. 

Leakage reactance of winding on each limb 


=2« X 50 X 4r X 10" 7 X 182* X ( <LU]J+£001H^^ 

') jy \ s 


4 


0 008 

4 


V«0‘9H2 a 


Total leakage reactance of transformer referred to primary 
X,=*2 X 0-982=--! 964 Q. 

„.. , , 75'75xl '964 n , nnr 

P.U. leakage reactance «*==---«*0 025, 

P.U. Impedance Voo6»2*-t-0 02 5*-0'0236. 


Losses 


PR loss. Total copper loss P«=3865 W. 

Gore lose. As mentioned earlier 0 33 mm thick 56 ^rade (G K..W.) laminations are used 
Length of mean flux path L-=2(437 - 54-4754270) X 10"*—237 m 
Weight of iron«2’37x0*0537x7 65 X 10*=974 kg. 

The specific loss for J3»=»rj2 Wb/m*, from Fig. 4'26, is l'25 W/k!>. 

Core loss=* l'25x974=1217‘4 W. 

Making an allowance of 20% for joints, total core loss P<«*1 2x 1217 5—1460 W. 
Total loss at full load—38654* 1460=5325 W. 

Efficiency 

Efficiency at full load and unity p.f. 


500X10* 

“ 500 X 10*4-5325 


X 100=- 98-95% 


Regulation 

Regulation at full load and 0 8 p.f. lagging c=»e r cos n&re* sin <f>. 

-0 0077XO'84-0 0225+0-6^0 0197 p.u. or 19 7%. 


Tank 

Height of frame f?*977’5 mm. Allowing 50 mm for the base and 250 mm for of! 
Oil level s »977'54-504*250a* 1300 mm. Allowing 300 nun further for leads etc. 
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Height of tank //»= 1300-t 300 
= 16oO mm= 1'(; in. 

Allowing a clearance of 00 mm 
at each along the length. 

Length ol tank 

L*=475 + 41U 1-2x80 mm ~-1 ‘05 m 

A clearance ofahont 201) mm 
is allowed .dung the width tu accomm¬ 
odate taps etc. 

Width of tank 

Wt — 4184-200 mmaiO’62 m 

Loss dissipating surface of tank 
*■=■2(1-05 I 0-G2JX 1 G=f» 34 m- 

The mean temperature rise of 
oil is to be limited to 35°C. 

Let the area of tubes be xSt. 
Specific loss dissipation 


ooooooooooo 

OQQOOOOOOOQO 



oooooooooooo 

ooooooooooo 


i—-1050 


5325 28 5 

**5'34(14-r) x 35 ~T+x 


W/m*—°C 


285 12'5+8jB* 

1+x 1+x 


Fig. 7-91. Core and windinr details of 500 kVA, 
Single Phase 6600/400 volt, 50 Hz core type 
power transformer (dimemsions in mm) 

(see Eqn. 7.8) *=T82 


Area ol tain's needed -r 1 {>,9 x 5‘34 —)i’72 m 2 


Using 50 mm diamelei tube* spaced 75 mm apart. The average length of tubts r 
assumed .is 1'35 m. 


Dissipating ate;, of eav.h tnbe=itx0*05x I 35 —0 212 nr 
Number •( (nbe.s to be pmvidid=9*72/0'212=46. 

Arrangement ol tubes : 

Along length—3 ws— 12 and 11 tubes. 

The details of core windings and tank are given in Fig. 7'9I. 

Problem III. lt< ;dgn o 150 kYA, 6600/400 Y, 50 Hz, single phase shell type, oil 
tmmersed, self cooled power ttansformer. Average temperature rise of oil not to exceed 35°C. 

Solution. Core Design. From Table 71, the value of output coefficient K is 
taken as I. 

Voltagi per turn Ec-=K\/ Q =-1 X -\/150= 12'25 V. 


Flux <tm= 


Et 

4'44 /“* 


1? 25 
444 X 50 


=0 0552 Wb. 


Taking the value of maximum flux density 5 m =T25 Wb/m s . 

Net iron area 4<=0 0552/l 25=0 0442 m*=44’2X 10* mm 2 

Taking the iron stacking factur=0'9. Gross iron area -4#<=44'2/0 - 9«=49x lo* mm*. 

The ratio of b/2a is taken as 2'5 (See Fig. 7 71). 

2'5(2o)*=49 X 10* or width of central limb 2o= 140 mm. 

Depth of frame 6=2 5 X 140=350 mm 
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The Mile limbs carry half of the flux ami ther. fo.i- ilu-ir with' i> «qu, to half of th 
width of c> ntral limb or width of side limbs o**70 mm 

Window Dimensions. 

Window space factor AV - 7 —^ 2/. 

1 3’i f k\ d<i : U'tl 

For the sake of calculation of window area, a lutnnt density of 2' * A/mm 2 is 
assumed. 

Now, Q=2'22fBmKvSAiA„x\0 ■* 

or J50-2 22X50X T25X0-27X2 3x 10 \ 

.*. Window area .4i#=-0’0394 m a "=39’4X 10* mm 2 . 

The height of the window is taken as twice th*- width of window, or 2 W'*, 2 —394 X id* 
Width of window =*140 mm, and height of window //v>---200 mm. 

Yoke Design. The flux in the voke is half of the flux in the central limb. The flux 
density in the yoke is taken same as that for limbs. Height of yoke //*a=«*70 mm. 

Frame. Reference Fig 792. 

Height of frame H — Ua 2 //y=2 B0+2 X70 —420 mm. 



Pi®. 7-92. Frams or shell typj transformer Fig. 7 93. Arrangement of coils 

(All dim unions in mm) (Ali dimensions ni mm) 
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Width of frame ft'~4rt-f 2 JF„=4 x 70+2 X : 40=560 rmn. 

Depth of frame Z)y=ft = 50 mm. 

Winding*. 

Number of turns in l.v winding 3T«==440/12 25*. 36. 

This number is divisible by four to allow the subdivision of l.v. winding into 4 sections 
Oi 0 turns each. 6 

Number of lurns in the h.v winding jT,,=36x 6600/440=540. 

This i* divid.-d into two coils of 150 turns each and two of 129 turns each with rein- 
forced end turns. 

The arrangement of the coils is sh< wn in Fig. 7'93. 

The main insulation, height wise in the window is giv< n below : 

Insulation between < nd l.v. coils and curv—2 x 10* 20 mm. 

Spacers between h.v. and l.v. coils=4x 20=80 mm. 

Spacers between l.v coils*** I X8—8 mm. Spacers between h.v. coils=2 X 10=20 mm 
Total height of insulation=20*t 80+8 + 20*= 128 mm. 

Height available for condurtors=*280—128= 152 mm. 

Total number of h v. and l.v. coi!s=8. .\ Height or each coil= 152/8= U mm. 

H.V Winding. 

_ _, . .. , 150X 1000 _ 

H.V. winding current /„= —gggg— =22'7 A. 

Area of h.v. winding conductor a P =22'7/2'3=--9’9 mm 2 . 

The h.v. conductor comprises of two paper covered strips 8X0 6 mm bare in parallel. 
Area of h.v. conductor used a v —2 x8 X0*6=9‘6 mm*. 

Actual value of current density used in h.v. winding«22'7/9'6=2'37 A/mm* 

Space taken by h.v. conductor in a coil height wise=2x8=J6 mm. 

The balance height (1*1 —16)—3 mm is taken up by paper. 

Space taken by h v. bare conductors width wise** 150x0 6=90 mm. 

The space taken up by insulation between h.v. and core width wise=2 X 20=40 mm 
Space for winding along width of window® 140—40=100 mm. 
or width of h.v. coil® 100 mm. 

The balance space® 100-90= 10 mm is taken by insulation between h v conductors 
L.V. Winding 

L. V. winding current Ii — 1 ^^*^®341 A. 

341 

Area of l.v. winding conductor =148 mm*. 

I o 

Using 4 strips of 7‘5 X 5 mm each in parallel. 

Area ofl.v. winding conductor used o«=4x7'5X5= 150 mm 2 . 

Actual value of current density used in l.v. winding $«=341/I50=2‘28 A/mm*. 

Space occupied by bare conductors in a coil height wise=2x7 5=15 m m . 

The balance space (19—15)®4 mm is taken by insulation etc. 

Space occupied by hare conductors, in a section, width wise 

®9x2X5=90 mm. 

* 
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Using 1 mm thick press board width wise between (, :icii conductor. 

Width of l.v. coil=94-9x 1« 100 mm. 

The balance space 140—100=40 mm along the width is taken up by insulation bet* 
ween core and l.v. winding with 20 mm <>n each side. 

Resistance. The approximate length of mean turn = Lmtbmu -1*58 m. 

Resistance of h.v. winding r p = — ■ — -■ ^-' ■ ‘*9 X * — 1 -87 f). 

Resistance of l.v. winding r<= - '~~~*^—O'000 LI. 

Resistance ofl.v. winding referred to h.v. side r/=(f(i()8 \ (r>40/36)* = I 011. 

Total resistance of transformer referred to primary side A’j> = 1 07-f 10=3 67 11 
=3*85 £1 (taking loss in connections etc.) 


P.U. resistance e r = 


22-7X3 85 
6600 


-0-0133. 


Leakage Reactance. For sandwich coils, leakage reactance of transformer referred 
t o primary side : 

Xp—n / V ?£( “+-^‘) (See Eq„. 7 80) 

1'58 540*/ . 0 040+0042 V 

: X 50 X 4tt X 10 7 x —■ x ~~ 2 ~ I 0 023.)-}-* g - 1 = 17 3 U 

P.U. reactance 0595. P U. impedance •*=v^O’OI2*+O'O595*=0 061 

OOUU 




Regulation, The regulation of transformer at full lo.i 1 and 0'8 p.l. lagging. 
t~Br cos tf+e, sin ^=0*0125 x0*H+0'0595 X 0'6 =0 0457 = 4 57'« 

Losses 
I»R Loss 


I*R loss in h.v. winding=22 7 s x 1*87=964 W, 

I*R loss in l.v. winding=34l*x0'008=228 W. 

Total I*R loss—964+928= 181)2 W. 

The total I*R loss including loss in connections etc. may be taken as 7*6=2000 W. 
Core Loss. Referring to Fig. 7’98. 

Volume of iron= 14x35X 28+2 X7X 35X5G-I-2 X7 X35X28=0 05488 m* 
Weight of iron=0*05488 X7’6X I0>=417 kg. 

The specific iron loss for a flux density of 1 '25 Wb/m* is 1 '8 W. 

Total core Joss=4l7x 1*8=750 W. 

The total core loss including additional losses may be taken i s 840 W. 

Efficiency 

Total to.' at full load=2000+840=2840 W 

Efficiency at full ivad unity power factor = " | %) xTo*+2840 ~ X I00=a983 % 

P.U. load for maximum efficiency*^ 840/2000=0'65 
l<oad for maximum efficiency=0‘65X 150=97’5 kVA. 
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DESIGN OF SMALL SINGLE PHASE TRANSFORMERS 

7 61 Introduction, The design of small low voltage transformers of ratings from 
10 to 1000 VA i-> lx ing given here in ordrr to help the students in their pri j >ct work. 

7 62. Core Design The starting point in the design of small transformers is the 
choice of turns per volt. The values of turns per volt are given in Table 7'4. 

Table 7*7. Turns per volt T,. 


VA 

Turns per volt 

VA 1 

Turns per volt 

10 

23-3 

200 

3 5 

15 

17-5 

250 

2-8 

20 

140 

300 

2-8 

25 

11*7 

400 

2-3 

50 

70 


20 

75 

5-6 

750 

1*7 

100 

46 

1000 

16 

150 

4-0 | 




Now A’*»4'44 / <!>»» T .'. Turns per volt 7 , «=7'/Z?= 1/4*44/<hm. 

Flux in the core <D m — I /4 44 / 7V 

The frequency of the transformer is specified and the value of turns per volt TV is 
taken from Table 7'7. Therefore flux 4>« in the core is known. 

Net area of core Ai^Q> m JBn The value of maximum flux density Bm is assumed to 
be 1 Wb/m 2 . 

Gross area of core Agi—Ai/0'9. (Assuming a stacking factor of 0*9) 

A shell type of construction is normally used for small transformers. 

The core is made up of any of the following combination of $tamping|. 

(i)tfand/ (Fig. 7-94(o)), (it) T and V (Fig. 7 94(6)) 

(tit) K used in pairs (Fig. 7 94(c)). 






€ 

T 


(a) E-I type. (6) T-U type. (e) B type 

Fig. 7*94. Laminations for small transformers. 

Tables 7.8, 7*9, and 7 10 give information about standard stampings manufactured by 
Pre. ion Pressing Division of M/s Guest Keen Williams for small transformers and chokes. 7 
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Table 7*8, E—I Stamping* [{Fig, 7*iM(a)j 


No. 

Dimensions 

1 . 

Remarks 

A 

B 

C 

D 

i 

t: 

17 

1/2' 

1*1/2' 

1*1/4' 

1/4' 

1/4 


>2 A 

5/8' 

1*7/8' 

1*9/16* 

5/16' 

5/16' 


21 

5/8' 

2' 

21/8' 

3/16' 

3/8' 


10 

5/8' 

2*3/8' 

21/8* 

3/8' 

3/8' 


10 A 

5/8' 

2*3/8* 

2*1/8' 

3/8' 

3/8' 


1 

31/32' 

2*17/32' 

2*1/4' 

5/16' 

5/16' 


74 

11/16' 

7*1/16* 

1*23/32' 

11/32' 

.11/32' 


23 

3/4' 

2*1/4' 

1*7/8' 

3/8* 

3/8' 


11 

3/4' 

3' 

2*1/4' 

3/8' 

3/8' 


11 A 

3 /*' 


2*5/8' 

3/8' 

3/8' 


2 

3/4' 


3' 

3/8' 

3/8' 


30 

20 mm 


SO mm 

10 mm 


4 holes 5/32' die. 

31 

7/8' 

2*5/8' 

23/16' 

7/16' 

7/16' 


45 

7/8' 

2*5/8' 

2*3/16' 

7/16' 

7/16' 

4 hole* 5/32' dia. 

15 ' 

r 

3' 

2*1/2' ( 

1/2' 

1/2' 

4 hole* 7/32' dia. 

44 

' i' 

3' 

2*1/2' 

1/2' 

1/2' 

4 hole* 7/32'dia. 

14 

r 

3*5/16' 

2*5/8' 

17/32' 

1/2' 

4 hole* 7/32* dia. 

4 

r 

3*13/16' 

3*13/16* 

17/32' 

1/2' 

4 hole* 7/32'dia. 

33 

28 mm 

84 mm 

TO mm 



4 hole* 11/64* dia. 

3 

1*1/4' 

3*3/4' 

3*1/8' 

5/8' 

5/r 

4 hole* 7/32' dia. 

13 

M/4' 


3*1/2* 

1/2' 

1/2' 

4 hole* 7/32* dia. 

4 A 

1*5/16' 


3*7/16' 

21/32' 

21/32* 

4 hole* 3/16' dia. 

16 

1*1/2' 


3*3/4' 

3/4' 

3/4' 

4 hole* 7/32' dia. 

5 

1*1/2' 


3*3/4' 

3/4' 

3/4' 

4 holm 17/64'dia. 

6 

1*1/2' 

HH 

4*1/2' 

3/4' 

3/4' 

4 hole* 9/32* dia. 

7 

2* 

6* 

4*15/16' 

1' 

1' 

4 holr*. 17/64' dia. 

43 

2' 

6' 

5' 

r 

1' 

4 boles 1*764'dia. 

8 

2' 

7*1/4' 

6*3/4' 

i' 

1' 

4 boles 3/8'dia. 
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Table 7 9. T-U Stampings [(Fig. 7’94lh)]. 


Dimensions 


I 

No. | 

t 

/t ; 

it 

C 


E 

Remarks 

34 

.vr 

y i 8' 

2 1/?' | 

1/2" 

t/2' 

4 holes 5/32' dv. 

9 

7/K 

3M;4' 

2 1,2' 1 

7/16' 

7/16' 

4 holes 7/32' tiM. 

9 A 

-rx 

i 

3-i/r ; 

•t | 

7/16' 

7/16' 

4 hole-; *i/?2 ' dia. 

4 AX 

is. io 

3 9/16" ' 

3 3/16" 

7/16' 

7/16' 

4 hobs 5/32" dia. 

7> 

r 

4- ; 

3 3:8" 

1/2' 

1/2- 

4 U holes 1/4' dia. 

a 

1 1/2" 

6 1/4' ! 

5 1,4' 

3/4' 

3/4' 

4 holes 1/4' dia. 



Table 7 10 E 

-E Stampings |(Fiy. 7 94(c)]. 



Dimensions 




No 

A 

: ii 

C 

D 

E 

Remarks 

■ 


, ' * * * 





V 

*/4" 

! 

1/2' 

1/8' 

1/8' 

used in pair 


: 





1/4* 

1 r 

i 

1/4' 

1/8’ 

1/8' 

J 

12 B 

."8* 

! 17/8' 

2 3/16* 

5/16' 

5/16' 


12 <: 

5,x* 

! 1'7; 8' 

2' 

5/16' 

5/16' 


20 

| W 

! 2'1/3' 

1 

1*5/8' 

.... 

3/8' 

3/3' 


41 

0 79' 

| 30-9' 

i 313* 

0-475' 

0-475’ 

7—3/32" uia hoies 


0-79* 

* V09* 

0 585" 

0-485' 

0-475' 

4—3/32' dia holes 


... 

1 

» 

| 



1-3/16' dia hole 

i 


A squate section is normally used for the central limb, i.e. the depth of the core is 
made equal to the width of the cential limb 

or width of central limb A=\/A t i. 

A standard stamping giving a width A nearly equal to the value calculated above may 
be used. 

7-63. Winding Design. Current in the primary winding Ip-VAl* j. 

The < fficiericy of small transformers varies from 80 to 96 per cent. 

Area of primary winding conductors 0p*=7i»/$j> mm*, where is the current density 
in the primary winding conductors in A/mm*. A value of 2'3 A/mm* may be used. 

Enamelled round conductors are used for the windings of small transformers. 
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A Mai clard 3izo of conductor is selected by referring tu relevant tables given in 
chapter 17. * 6 

1 urns in primary winding Tp~YpT$. Current in .secondary winding /j "V A jV». 

Area of secondary winding conductor a,~I,l3, nun*. 

When calculating the number of secondary winding turns, ail .dluwance of 5 percent 
exrta turns is made to compensate for the voltage drop in (In* windings 

Secondary winding turns 7 7 »=l 05 ViTt. 

7 4. Window Area. Space is required in the window for : 

(*) primary winding (**} secondary winding (fit) insulation and the former (bobbin) on 
which the windings are supported. 

Space required for primary wind ing= 

Space required for secondary winding-—- - — 

r space factor 

Space factor 8 =0 8 (d/dj)* 

where d*=diamcter of bare conductor and d t ~ diameter of insulated conductor. 

The space required for insulation and former is estimated as 20% of that requirt'd for 
the windings. 

Window area required 

Au>=V2 (window area required for primary and secondary windings). 


It should be checked that the stamping used, gives a higher value of window area 
than the value calculated above. 

Design Problem IV. Design a single phase transformer to be connected to a 230 V, 
50 Hz supply. The transformer is to deliver 3A at 50 V. 

Solution, 


Core, Volt ampere rating of transformer®* 50x3=150 VA. 
From Table 7*7, turns per volt Ti=40. 


4 44 / T t 4-44X50X4 


Wb=T125mWb. 


Taking a flux density of TO Wb/m*, 


, _T 125x10"* „ , 

Net iron area of core. At= -^r =-j-m*= I 125x10* ram*. 

Gross core area Aft= l' 125 X 10 */0 9=1 255 X - 10* mm*. 

Taking a square section for the central limb. 

Width of central limb A«12’5X 10*=35-4 mm*. 

Primary winding. The efficiency of this transformer is assumed as 92%, 

. VA 150 

Primary winding current h= ^“ , >92 x 230~ , " U 1 A 
Taking a current density of 2 3 A/mm*. 

0*71 

Area of primary winding conductor oj»=^j-"»0-309 mm*. 
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Dnmoti r of bare conductor=0*626 mm. 

U'ing enamelled conductors. From Table 17*7^ the nearest standard conductor Las 
b in- <Ham tet —0 6 - mm r I‘he diameter of insulated conductor is 0707 mm. 

Sp ice factor for primary winding=U*8(l)'63/0707)*=0'635. 

Ar. a of primary conductor used aj>=—(0 63)*=0'312 mm 2 . 


Number of primary winding turns 2V=Fj»2 #=230 X 4=920. 

. . ,. T,a p 920X0312 „„ 

Window space required by primary windings-— = ■ "q.q^ —■=452 

Secondary winding. Secondary winding current /»= 3 A. 

Aiea of secondary winding conductor a*=~ = 13 mm*. 

2' i 


mm 2 . 


Diameter of bare conductor=l‘285 mm. 

IMrig enamelled conductor for secondary winding. 

The nearest standard conductor lias bare diamcter=l’32 mm. 
diameter of insulated conductors 1 '42 mm. 

Space factor for secondary winding=0'8 (1*32/1 *42) a =0'69. 

Area of secondary winding conductor o«==-^-(l ’32) z =137 mm*. 

Number of secondary winding turns jF#=1*05 ViT»=*\ 05x50x3 =2 10. 

Window space required by secondary windirig'=~^«‘^-~^~^===417 mm*. 


Stamping Size. Total window space required 
Aw~l '2 (space required for primary and secondary winding) 
•=1-2(452+417=1045 mm* 


We have now to select a stamping which gives: 


width of central limb 4=35-4 mm=l*39' 

and area of window 4«#=1045 mm*=l'62 sq. inch. 

Using a combination of E and / stampings. From Table 7 8, seclecting No. 16 
/! = !*', £=4*', <7= 3 3/4', D=3/4', ,0=3/4'. 


From Fig. 7 94(a), width of window ^—^--=3/4*, and 

height of window #*=(?— 2.0=2^'. 

Area of window provided 4«= WwXHw*»3/4" X 2^=1 69 sq. inch, 
’l i in is more than the required window space. 

Width of central limb 4=1|"=*38'1 mm. 


UNSOLVED PROBLEMS 

1. Calculate the core and window areas required for a 1000 kVA, 6600/400<V, 50 llz. single phase 

core type tr iniformer. Assume a maximum flux density of 1*25 Wb/m* and a current density of 2 5 A/mm*. 
Voltage per turn—30 V, and window space factor—0 - 32. [An». 108 x 10* mm*; 83*4 x 10* mm*] 

2. A3 phase, 50 Hz, oil cooled core type transformer -has the followin« dimensions : distance between 
core centres-0 - 2 m; height of window—0*24 m; diameter of circumscribing circle—014 m. The flux 
density in the core is 125 Wb/m* and the current density in the conductors is 2*5 A/mm*. Estimate the kVA 
rating. Assume a window space factor of 0*2 and a core area factor—0*56. The core is 2 stepped. 

[Ans.16 5 kVA] 
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3. Determine the dimensions for core tkfltf yoke for a 5 kVA, 50 Hz, single phase core type transfor¬ 
mer. A rectangular core is used with long si$ twice as long as short s>de. The window height is 3 tlaMtf 
the width. Volta e per turn is 18V ; spier flatter 0 2: current density I 8 A/mm*: flux ricrsM'.v 1 Wb/m*. 

[Ans. .^=*8100 mm 5 : core D5 x67-5 mm*; A w . 15 5* 10* mm*', wtndov 72 5 x 217*5 nun*] 

4. Estimate the main dimensions ncluding winding conductor areas of a 3 plus;- deltd/star core type 
transformer rated at 300 kVA, 6600/440 V, 50 Hz. A suitable core with three steps having a circumscribing 
circle of 0-25 m diameter and a leg spacing of 04 m is available The cml rn-r turn is x < v Assume a current 
density of 2*5 A/mm’. a window space factor of 0 28, and a stacking factor of 0 9 

[Ans. r,=»776, a p =*6 mm®; 7\=»30, a,=*157-5 mm*; window 0 15 x 0 45 m* ;core-*> 375 x 10* mm*) 

5. Determine the dimensions of the core, the number of turns and the cross-scctional area of conduo* 

tors in the primary and secondary windings of a 00 kVA, 2200/480 V sin ic phase core type transfer* 
mer to operate at a frequency of 50 Hz. assuming the following data; approximate voltage per turn, 75 V; 
maximum flux density, 1-2 Wb/m*; ratio of effective crossvcctional area of we to square of diameter of 
circumscribing circle, 0 6 ; ratio of height to width of window, 2 ; window space factor, 0 28 ; current density, 
2*5 A/mm*. [Ans. 28 2 x 10* mm* ; 294, 64 18 2 mm*; 83 2 mm*] 

6. Calculate the difflwneioM of the core the number of turns and the cross sections of the conductors 
for a 100 kVA, 2300/400 V, 50 Hz angle phase shell type transformer, assuming : ratio of magnetic and electric 
loadings [i e. flux and secondary mmfatfull load), 480/10 ®; maximum flux density |-1 Wb/m*; current 
density, 2 2x 10* A/m*; window space factor, 0 3 ; ratio of depth of stacked core to width of central limb, 2*6; 
ratio of height to width of window, 2-5 stacking factor 09. [Ans- 135 x340 mm*; 230, 40 ; 19 8 mm*, 114 mm*] 

7. Two single phase transformers with AN cooling having linear dimensions in the ratio x \ 1, are 
designed to work at the same current density, flux density and frequency. Calculate relative ratings, losses 
and total weights per kilovolt ampere of the two tranformers. 

Comment briefly on the temperature rise of the first transformer for increasing values of x, assuming that 
the second transformer operates with permissible temperature rise on full load. [Ans a 4 : 1; x *; 1 x~ l ; I] 

8. A 750 kVA, 6600 V, 50 Hz, three phase delta/star core type transformer has the following data j . 
width of l.v. winding, 30 mm ; width of h.v. winding, 25 mm, width of dust between h.v. nnd l.v. windings. 
15 mm; height of winding*. 0*4 m; length of m:anturn 15 m, h.v.-vending turns, 217. Estimate the 
leakage reactance of the transformer referred to h v. side. Estimate the per unit regulation of the transformer 
at full load and 0 8 power factor lag-ine if the resistance per phase referred to the h.v. side is 0-8 A- 

[Ans. 2 32 *,0-03471 

9. Derive an expression for the leakage inductance per limb of the windings of a single phase trims- 

former referred to the primary side in terms of the relevant quantities, and calculate this inductance in a 
given case where the windings have a mean length of turn 1-5'm and each winding has a radial depth of 
30 mm. The radial clearance between windings on the same limb is 35 mm and the axial height of each 
winding is 0‘6 in. The primaiy winding consists of 240 turns per limb. [Ans. 9 f 8 mHl 

10. In a transformer having a 10 : 1 turns ratio, the copper loss in the primary winding is 15 per cent less 
than that in the secondary winding. The resistance per turn of the primary is 0 00394 A. and there are 1485 
more turns in the primary than in the secondary. Calculate the resistance of secondary winding. 

[Ans. 0 0675 A) 

11. A 100 kVA, 2000/400 V 50 Hz, single phase shell type transformer has two full h.v. coils, one full l.v, 

coil and two half l.v. coils. Calculate the value of average axial force acting on the end coils under short circuit 
it full voltage if its leakage reactance isO-035 p u. Length of mean turn 1*5 m, width of coils, 0-12 m ; h.v. 
winding turns, 200 ; p.u. resistance of transformer, 0-01. [Ans. 15 2x 10* N], 

12. A 220/110 V, 1 kVA, 50 Hz single phase transformer has a core with a uniform cross sectional 

irea of 2500 mm*, an effective magnetic core length of 0-4 m and a core weight of 8 kg. If the core is worked • 
at a maximum flux density. A, of 1*2 Wb/m 1 , the corresponding ma netm'ng force, H, is .’00 A/m and the 
ipecific core loss is 1*0 W/kg, determine (a) the transformer no load current when tl e h v. i' fed at 
120 V, and (6) the corresponding magnetizing reactance and the equivalent shunt resistance to represent the 
sore loss. [Ans. 0 175 A ; 1287 a ; 6600 A] 

13. A. 300 kVA, 6600/440 V, three phase delta/star core type transformer has a maximum flux density 

of 1*35 Wb/m* and the total weight of core is 650 kg. The magnetizing VA/kg and the iron loss/kg corree- 
ponding to T35 Wb/m* are 30and 2 5Wrespectively. Calculate the no toad current if the mmfrequired . 
for joints is 2*5 percent of that for iron. [Ans. 0 695 A per phase] 

14. The tank of a 1250 kVA natural oil cooled transformer has the dimensions length, width and 
wight as 1*55 ox 0*65 mx 1*85 m respectively. Th full load loss is 13 1 kW. Pind the number of tubes for 
his transformer assuming; W/m*—*C due to radiation-=>6; W/m*—*C due to convection =6*5 ; improvement 
n convection due to provision of tubes*»40 per cent ; temperature rise=-40°C ; length of each tube—1 m; 
diameter of tubes** 50 mm. Neglect the top and bottom surfaces of the tank as regards cooling. 

[Am. 190 tubes] 

15. With 100 A taken from the terminals of a certain transforms connected to a 25 Hz primaiy 

upply circuit, the resulting total reactive drop is 5 p:r cent. Calculate the percentage reactive drop if tne same 
ransformer is rewound with 15 p:r c;ni mire turns in bo'.h windifu* aid connected to a 60 Hz circuit with a' 
sad drawing 110 A from secondary winding. Assam: the terminal voluje and th: dim:n sions of all leakage 
«ths to remain unaltered. [Am. 17*3 per cent] 
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General Concepts and Constraints 
of Design of Rotating Machines 


81. Relation between rating and dimensions of rotating machines. The 

purpo e of this section is to try to relate the rating of rotating machines to their main 
dimensions. A few general equations are developed which are applicable to all types of 
rotating machines i.c, d.c., induction and synchronous machines. However, it may b»- 
emphasised here that design is a complex process and many factors which affect design of 
different types of machines cannot be incorporated into a set of few general equations. Some 
design conc- pts and constraints are ba ng introduced here no. to demonstrate the complete 
pro? ss of design of all types of michines, but to show in a general manner, how the size an.l 
shap: of a maoliin 1 an: rel ite 1 to its rating. Th** J :t tiled design and influencing 
factors of different types of machine are given late.r in this text. 

8 IT. Symbols, The various symbols used in this section are as follows : 

/)=»armature diameter or stator bore, ra ; Zr=stator core length, m ; 
n-^peed r.p s. ; »*s=*synchronous speed r.p.s. ; 

number of poles ; o 3 **number of parallel paths ; 
t=pole pitch, in : &=*total number of armature or stator conductors ; 

T v h~ turns per phase ; Ir ~current in each conductor, A ; 

Ku >' ! *winding factor ; 

7«=armature current, A ; 7j>*=*current per phase, A ; 7J=-back emf, V ; 

Eph— induced emf per phase, V ; Pirating of machine, kW ; 

P 0 =»power developed by armature, kW ; <2**kVA rating of machine 

812. Main Dimensions. 

The armature diameter (or stator 
bore) D and armature (or sta.or) core 
length L are known as the main 
dimensions of a rotating machine. 

Refer to Fig. 8' 1. 

81 3. Total Loadings 

Total Magnetic Loading. The 
total flux around the armature (or 
stator) periphery at the air gap is 
called the total magnetic loading. 

Total magnetic loadings® 

...( 8 * 1 ) 

Total Electric leading. The total number of ampere conductors around the arma¬ 
ture (or statorl periphery is called the total electric loading. 

Total electric loading""/* Z 



■■( 8 * 2 ) 
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8 14. Specific Loadings. Two types of loading*, are specified which air the star¬ 
ting point in the design of rotating electrical machines. 


1. Specific Magnetic Loading. The average flux density over the 

is known as specific magnetic loading. 

Specific magnetic loading 

B •= total flux around the air gap 

area of flux path at the air gap nt>I. 

_ <I> 

T L 


g.ip of a machine 


...(0-5) 




2. Specific Electric Loading. The number of atmatiue ha ■-tnt->r) ampere conduc¬ 
tors per metre of armature (or stator) periphery at the air gap h. known - sp* cifi< electric 

loading. 

Specific electric loading 

total armature ampereconductors 7/ Z 

ac~~ -- -r-r--— , -..(85 

armature periphery at air gap it J> 


8 15. Output Equation. The output of a machirn ran he express.-I in terms of 
its main dimensions, specific magnetic and electric loadings .usd '•peed ; the equation descri¬ 
bing this relationship is known as Output Equation. TL< output equations of the more 
important machines are given below i 

1. D.C, Machines. Power developed by armature in kVV 

Po* genera ted emfX armature current X Ki z ~- A7aX 10 8 

But E—Q>Zn— 

a 

Pa~QZn . 7«X 1(T* Z Jnx 10'»=(j>O)(7*Z)nx 1C"* ...(8 6) 

(as /»~/o/o) 

Hence Po—(total magnetic loading)(tota! electric loading)(specd in r.p.s.) X lO”* 

Therefore, basically the output of a d c. machine is determined by the total loadings. 
This is true of a.c. machines as wed. A suitable design is not* however, determined by 
total loadings ; intensi y of loadings is a major influencing factor. 'This is because active 
materials are iron and copper and the extent to which they are utilized k determined by 
specific loadings. We have, 

f)Q) _ 

Specific magnetic loading or p<v—*DL /»•*. 


Specific electric loading <*««=-—p or ItZ**nD at. 

Substituting the values of p® and ItZ in Eqn. 8’6, we get 
Pa—{*DL Ba,)(nD ac)nX 1(T» 

o«X lO“*)D*Xn -48 7) 

=ColPLr, •• ( 8 - 8 ) 

where Gt *2fa* <w X10"® • • 48 9) 

Eqn. 8 8 is the output equation of ad.c. machine. Quantity C, is termed as the 
output co-efficient. 

We should not confuse the power P« developed by the armature with rated output P 
of the machine. Also distinction must be made between generator and motor action. 
Consider a d.c. shunt machine acting as a generator. The prime mover must supply friction. 



ELECTRICAL MACHINE DESIGN 


1 

w»nd<tg«; and iron losses which do run exist in the absence ofrotation. The armature supp¬ 
lies its own copp ;r loss and also the field copper loss. 

Power developed by armature for a generato/ 

output power -far mature PR loss 4-field PR loss. 

=/'4-armature PR loss i-field PR loss 

=input power—friction, windage and iron loss 

=P/ij—(friction, windage and iron loss) ...(8’10) 

With the ;.un * machine acting as a motor, the PR losses are taken from supply and 
the friction, windage and iron losses are supplied by tfte armature. Therefore for a mot Jr r 

P«~P4-(friction, windage and iron.loss) ...(8 11) 

The difference between armature power and the rated output is not large especially 
in the case of large machines. Therefore in the case of large machines, for initial calculations, 
we can neglect friction, windage and iron losses. 

Po*»P/y) for generators ...(812) 

**P for motors ...(813) 


But in small machines there is a considerable difference between the armature power 
and rated output as the friction, windage and iron losses are relatively large and thus can¬ 
not be neglected. Let us compute the armature power of a small motor having an outpu t 
P and efficiency ij. 


Output=P and input=P/ij. 


Total losses =- P=P 

»» 


(?) 


The friction, windage and iron losses of a small motor may be tik ;n a* Jrdofthe 
total losses. 


Faction, windage and iron losses**-— P 


Hence power developed by armatuie of. a motor. 

p a «=ip-f (friction, windage and iron losses) 

“ p+ T ,, (T- , M 1 5r) p 

Similarly for a small generator ^ aa *( 


...(814) 

...(815) 


2. A.C. Machines. Consider an *m’ phase machine having one circuit (par Ilel 
path) per phase. kVA rating of machine 

p—number of phasesX-output! voltage, per, phase Xcurrent per phase X 1(T S 

*=m Ephlph X10"*. 

Terminal voltage of each phase may be taken equal-to the induced emf per phase. 
We have, 

Induced emf per phase l?j>k—4*44 / ® Tp\ K*. QF*f* X.4'44'/ ® TpkKm X Ipk X 1Q~ S 

But /-pm/2 

Therefore wc can write, 

<>=mX 4 44 (pm/2) * T* JT« Ipk X 10~» 

-1 11 &*(p*)(2» V Tph)n,X !(T» 
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Now current in t-ach conductor /«*/?* (as there is only one circuit per phase). 

1 otal number of armature conductor.-: 

Z*number of phases X (2 X turns per phiot) : -2tw T,,a. 

Total electric loading*/* Z=?m Iph T?h. 

Hence, Q*1I 1 K w (ptyV, Z)n,x 10"» ...(8*16) ‘ 

“l'l 1 Km (total magnetic loading)(total ihctric loading) (synchro* 

nous X 10~» 

But p$=*nDL B„ and /• Z~nD ac 

Substituting these values in Eqri. 8*16, we have 

Q *■ I'll Km {nDL B**) {nD ac)n$ X 10 - a 
=( P11 it* B a , ac Km X 10-»)Z)*7>», 

HU B„acKm XI(T*) D'Ln, * ...(8*17) 

»=(7 0 D*L n» ...(8*18) 

where O 0 ==« 11 Bo* ac Kw X10~* ...(8.19) 

Eqn. 8'18 is known as the output equation of an a.c. machine. Quantity C 0 is tailed 
the output co-efficient. 

S*l*6. Factors affecting size of rotating machines. Examining output equations 
(Eqns. 8*8 and 818) of d.c. arid a c. machines, we obs rve that product I) 2 L will decrease 
with increase of speed and/or increase of output co-efficient. The volume of active parts of 
a rotating machine is (w/4)JD*i/ and evidently therefoie the volume of active parts and hence 
the size and the cost of the machine decreases with increase in sp-H and/or increase in the 
value of output co-efficient. 

Let us elaborate on these points further : 

f. Speed. It is clear from Eqns. 8*8 and 818, that the volume of active parts 
varies inversely as the speed. Thus fir the same output a machine eloigned with greater 
speed will have smaller size and hence lesser cost as compared to a machine designed with 
smaller speed. Therefore, whenever a choice has to be made (when the speed is not specified 
and is left for the designer to decide), the highest practical speed rating shyuld be selected. 
However, in special circumstances, the maximum speed may be limited by mechanical 
stresses in the armature materials. 

2. Output co.efficient. From Eqns. 8'8 and 8*18 we gather that the volume of 
active parts is inversely proportional to the value of output co-efficient C Q . Thus an increase 
in the value of C 0 results in reduction in size and cost of machine and so looking from the 
economics point of view the value of output coefficient <7* should be as high a possible. 
Now the output co-efficient is, 

(7 0 sen a B«« oeX 10~ # for a d.c. machine 
*11 Bmv ac Km'X 10*"* for an a.c, machine 
or in general 0 9 **K Bat X ac, where K is a constant. 

Since the output coefficient is proportional to product of specific magnetic and specific 
electric loadings we conclude that the size and hence also the cost of machine decreases if in¬ 
creased values of specific magnetic and specific electric loadings are used. Thus from commer¬ 
cial standpoint, it is desirable to push the valuesof specific loadings as high as possible to reduce 
the dimensions or the machine. How much high thev should be pu*hed n decided by the 
designer by analysing the effect of increased loadings on performance characteristics of machine 
as the cost of machine is not the only important aspect of machine design. If high values of 
loadings are used some performance characteristics like temperature rise, efficiency, power 
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factor (in case of induction motors) and commutation conditions (in case of d.c. machines) 
are adversely affected and this point cannot bo lost sight of. In fact su, h values of specific 
loadings should be selected which give a design that complies with specifications relating to 
performance requ 1 red and at the same time gives a machine having maximum reliability 
and efficienty together with minimum cost. 

817. Choice of specific magnetic loading. The choice of specific loading is 
influenced by certain factors. Some of these factors are general in nature i.e. apply to all 
types of machines an! ;o:n 1 4 "■* *-p efic and apply to individual machines. The aim here 
is to discuss some general factors that influence the choice of specific loadings for all types 
of machines, l'hr factors which affect the choice of loadings fora particular type of machine 
i.e. whether d c or in faction type etc. are discussed in details along with its design later in 
this book. 

Basically, the specific magnetic loading is ditermined by : 

{*) maximum flux density in iron parts of machine, 

(it) magnetizing current, and (Hi) core losses. 

(t) Maximum flux density in iron. The maximum flux density in any iron part 
of magnetic circuit of the machine must be definitely below a certain limiting value depending 
on the material used. The flux density in iron parts is directly proportional to the average 
flux densitv in the air gap i.e specific magnetic loading as is shown by Eqn. 8'20. In a 
well designed machine die* maximum tlux density occurs in the teeth of the machine and 
therefore let us relate the flux density in the teeth with flux density in the air gap. 

Relation between flux density in teeth and average flux density in air gap. 

Let us consider a non-salient pole machine having S armature slots. 

__ i • i P® n nDL 1 „ nD r n 

Flux over one slot pitch--— =p . Be, - - ■ . y, L 

where y«=»slot pitch =nD/fi. 

If we neglect saturation the entire flux ovt-r a slot pitch is carried by the tooth 
(Fig. 8-2). 



4 ‘-Tapered tooth 


Fig. 8*2. Flux over a slot pitch. Fig. 8*3. Armature with tapered teeth. 

Area of flux path in each tooth=width of tooth X core length *=WtL. 

. m . - - , „ flux in each tooth B y,L „ y, ... 

.. Flux density ra teeth ft- -fl.. . . m ...(8 M) 

In a sailent pole machine, the flux is concentrated over the pole arc and therefore the 
teeth which are under the pole arc carry whole of the flux and hardly any flux is carried by 
the teeth lying outside the pole arc. 

B ' y 

Hence flux density in the teeth of salient pole machines is 2h«*-r— • -4sr •••(8*21) 
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...( 8 - 22 ) 


where £«»maxmium flux density in the :nr pap, and 

']t=ra!iu < f pnl<- ;uc t*> pole pitch 

From Eqns 8*20 and 0 21 it is ch ar that tin* flux tensity in the t eth (and for that 
matter flux density in any part of the m lipn-tic < ir< u>t) n tir. < 1 1s pioportioiud to specific 
niagnct'c loading. Let u; cniehhr the case of a saiiei.t p >1 ■ tn.ichiu ■. W, have, 


Thus h r a machine of given dimensions ratio B-.!B»u constant and theretore if Bt is 
not to exceed a maximum specified limit (2 0 to 2 2 Wh/im in the case of d c machines), 
specific magnetic loading ha* to b<- kept b low a certain limiting value. Taking a specific 
example of a d o. machine with tooth width equal to slot wul'h and u— (I 06, we have 

'O yt-Wi + W, and B *»■ W» 

and therefore Bt={y,J<lWt) fi„r—C2jv) iA»r—(2/0 66) /?«>-' ?. l > av 

and if Bt is to be limited to 2*1 Wh/m'-\ the value of B.™ should no; i xnvd 2 l/i«0 7 

\Vb/m s . 

Machines using recfnigular paralh*) side d slots Ikh»* t .pi-rcd I • t,\ and ilierefotc* tlit: 
tooth width is not the s.mc ovi r tin* entire height of tootli (see i it;. 8 ") I !ds gives different 
values of flux density in t» eth at difli rent In ighis. The rnaxinuint value of Hint density in 
teeth occurs where the tooth width is smelle.it ».r. at the root oi the teeth in the case ofd.c. 
machines and at a section near th< air gap for synchronous machines. 


Tn big machines which have large diameters, the taper of teeth is not significant and 
therefore the width of teeth is almost the same over their enbre height. However in small 
machines which have smaller diameters, the taper of teeth i . very pronounced „nd conse¬ 
quently the ratio BifBM is very large at the section where the teeth have the smallest width 
and hence for a given maximum value of B: it follows that B ,must he reduced. In general, 
therefore, small machines have lower specific magnetic loadings. 


(it) Magnetising current. The magnetising.curmit ol a machine is directly pro¬ 
portional to the mmf required to force the flux 
through the air gap and iron parts of the machine. 

The mmf required for air gap is directly propor¬ 
tional to the gap flux density >.c. the specific mag¬ 
netic loading. As far as the iron parts are concern¬ 
ed, we have seen earlier that the value of flux 
density in them depends upon the value of specific 
magnetic loading. . If a small value of specific mag¬ 
netic loading is chosen, the flux density in the iron 
parts is low and therefore these parts are worked 
on the linear or knee portion of the B — H curve 
(Fig. 8*4). This requires a small or even negligible 
value of mmf for iron parts, as H, the mmf per metre 

length is very small for flux densities on the linear H-*- 

and knee portions of the curve. However, if a large 

value of specific magnetic loading is assumed, the Fig. 8*4. B-H curve, 

flux density in iron parts (especially teeth) may be . 

such as to work these parts in the saturation region of the B—H curve. It is clear from 
Fig. 8*4 that if iron parts are worked in the saturation region, the mmf per metre length and 
consequently the mmf required for iron parts is excessively large. Thus a large value of 
specific magnetic loading results in increased values of magnetising mmf and hence of magne¬ 
tising current. 
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Tit • v Jite ‘>f fnd^nitiiing currant is not usually a serious design consider.ition in d c. 
rt);j a'i there is ample space on salient poles to accommodate the required number of 

field turns However, in induction motors, the consideration of magnetising current is very 
important .it «n me raised value of magnetising current means a low operating power factor. 
ITh' retVe specific magnetic loading in the case of induction motors is lower than that in d.c. 
machines l or synchronous* machines the magnetising current is not so critical and the 
vainc c,j sp..rifir magnetic loading intermediate between d.c. and induction machines may 
in* uscct 

[it) Core loss. The area of cross-section of iron parts of the magnetic circuit of a 
math tor 

_ flux carried by the part ^ 1 
flux density in the part B 

, ff thup irt is subjected to alternating magnuizuio ■, there will be core loss in it. The 

ate loss i.e loss per unit volume or weight is approximately proportional to square 
of ihr I]q* Icnsity or iron loss par unit volume oc B *. 

Now total core loss*=lois per unit volume X volume 

= loss per unit volume X area X length oc ff a x (1/J8) * B 
(as the length of flux path .is constant though not strictly). 

Thus we find that the core loss in any part of th * magnetic circuit is directly propor¬ 
tional to flux density for which it is going to be designed, (It should be noted that it i* 
not true for an existing machine for which the iron loss is proportional to B*), 
Since the flux density in any part of the magnetic circuit is proportional to the specific 
magnetic loading, we conclude that the core loss in a machine varies directly as the specific 
magnetic loading. Thus a large value of^pecific magnetic loading indicates an increased 
core loss and consequently a decreased efficiency and an increased temperature rise. 

With a given specific magnetic loading, the core lo«s increases as the frequency of 
reversal* is increase 1. This is because the hysteresis loss is directly proportional to the frequency 
and eddy current loss is proportional to the square of the frequency. It follows that for high 
speed d.c. machine or high frequency a.c. machines, specific magnetic loadings must be 
reduced in order to get lower iron loss so that reasonable values of efficiency may be main¬ 
tained. For example Biv in 50 Hz induction motors is about 0 45 Wb/m\ while in 400 Hz in- 
duction servomotors it is about 0’?5 Wb/m* and even this value is made possible only by 
using more expensive lamination materials having lower specific core loss. 

The specific magnetic loading may be increased slightly with increase in site of 
machine for the following reason : 

For a given frequency and flux density, the specific iron loss of the material is con- 
itant. Thus for two machines having linear dimensions in the ratio of * : 1, core loss would 
je in the ratio a* : 1 (see Eqn. 8 30). But the outputs of the two machines are approximm- 
ely in the ratio »* : 1 (see Eqn. 8*27). Thus for the same specific magnetic loading, the 

X s 1 

screentage core loss is proportional to or —. Therefore percentage core loss decreases 

vith increase in size. It foil -*ws, that for the same percentage core loss in the two machines, 
pecific magnetic loading may be increased slightly far the larger machine. 

S-18. Choice of specific electric loading 

The following factors influence the choice of specific electric loading ; 
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1, Preraissible temperature rise. 

in Fig 8‘5. For this machine, let 

total number of armature 
conductors, 

S=*number of armature slots. 

o*=*area of each conductor, 

p—resistivity of conductor 
matei ial, and 

8 a=current density. 

Therefore, if we consider a slot pitch, 
ampere conductors per metre for this 
portion are 

IzZ l,Z/S fzZ. 
ac nV^itDJ^ y, 

where Z$—ZfS— number of conductors 
per slot. 


An armature of a rataiing mochine is shown 



Fit;. 8 5, Slots and teeth of.avmature 
of a rotating machtn*. 


Resistance of slot portion of each conductor—pL/o* 

r s P'k 

PR loss in slot portion of each conductor—/* ~ z 


PR loss in each slot—** —* 

Heat produced in a slot is dissipated over the surface over one slot pitch. Considering 
only the cylindrical surface, 

heat dissipating surface *S '=y»L. 

loss ZJSoL IjZ. h 

UiiJtl. “ ' p 


!/• a* 


Loss dissipated per unit area of artiature surface ?" _ SK1 j ace 
Now ac**h Zt/y, and 

• *=ac 8 p •••(8*23) 

Therefore, other things being equal, heat dissipated per unit area of arm.iture sur¬ 
face is prrportional to specific electric loading. 

It should be noted that we have not taken into corporation /he heat dissipating 
surface of the overhang. This is quite reasonable since Eqn. 8 2^ is normally not used 

quantitatively. .... , „ 

Temperature rise Q=#c/tS (See Eqn. 3 52) where Q is the loss to be dissipated, S the 

dissipation surface and c the cooling coefficient. 

Loss dissipated per unit area q*=Ql8- 
Hence temperature rise fi—gc—tfe P 8 c - 

% Specific electric loading oc*4/p * c. •. (8 24) 

From Eon 8 23, it can bo concluded that the limiting value of sp cific electric load- 
in* ae is fixed by maximum allowable temperature nse 9 and the cooling co*fltc.e»t «. The 
effects of different factors is discussed in details f low. 

Temperature rise It is apparant from Eqn. 8*24 that a high value of specific 
J/lr.artTmTran be used in a machine where a high maximum temperature rise is allowed. 

ri» of . h detetmined by the type otiu.ul.tiog. 
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materials used in it. Fot example organic materials like cotton, paper and many varnishes 
may be worked npt<> a maximum temperature {not temperature rise) of 1()5°C whib inorganic 
toutcriata like mica, asbestos, and glass fibre bounded with silicone can wiihs stand a tempera¬ 
ture of I 80'G without deterioration. Hence when better quality insulating materials, which 
can withstand high temperature rise's, are used in machine*-, increased values of specific electric 
loading cun be u d resulting in reduction in the size of the machine. 

fit) Cooling coefficient. Examining equation 8'24, we find that if the cooling co¬ 
efficient ol the machine is small, a high value of specific electric loading may be used in the 
machine. 


The value of cooling co-efficient, c, depends upon the ventilation conditions in t ie 
machine. A machine with better ventilation has a lower value of cooling co-efficient and 
therefore* a high value of specific electric loading may be used in it. So for ihe same 
reason in a high speed machine a high value of ao may be used as due to high speed the 
ventilation conditions in the machine are improved owing to natural fanning action ol the 
rotor. 


. Voltage. Area of each slot—height of slot X width of slot=<2* WT 

Total area of ail slots-67/. «%=--. 4.JT.=*Z> d, ( W -~ ) 

y * \ y> ) 

Total area of conductors (bare) in slots*®!*!) dt ( W*!y») S/ 
where N/—space factors for slots 

Also total area of conductors (bare) =Za»= 3 Z/.8=rtZ) ac/S 
as a/”/i/8 and ItZ—nl) ae. 

Equaling (t) and (£»), we have : «I> y- *=nDd, ^ ) Sf 


-(*•> 


...(8‘2a) 


It follows from Eqn. 8'25, that for a fixed ratio of slot width to slot pitch and fixed 
values of depth of slot and current density, the specific electric loading is directly dependent 
upon space factor Sf the ratio of bare conductor area to total slot area. In high voltage 
machines., greater insulation thickness is required and therefore the space factor for these 
machines is lower. Hence an increase in voltage will* in general, necessitate a reduction n 
specific eleett ic loading ‘oe\ 

Incidently the value of space factor also depends upon shape of the conductors 
(round or rectangular). The space factor for round conductors is lower than that oi rectangu¬ 
lar conductors and consequently lower values of W are used for machines employing round 
i onductors. 


3. Size of machine. It follows from Eqn. 8 25 that provided it can be assumed 
that depth of dot, ratio of .width of slot to slot pitch, current density and slot space factor 
are the same for all machines, the specific electric loading is constant. In practice, of 
course, these assumptions are not quite valid and slightly varying values must be used 
throughout a range of sizes. For example, the assumption of constant slot depth is not 
true. The larger the machine the greater the slot depth and greater the specific electric 
loading. Actually if the current density and the slot space factor are assumed constant, then 
specific electric loading is proportional to the diameter as slot depth usually depends upon the 
diameter. 

4. Current density. From Eqn. 8 23 it is dear that a higher value of specific 
electric loading can be used in a machine which employs lower current density in its 
conductors. 
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Typical values of curort dcudty art in tilt* rai gt* «f 2 —5 A/rnm 2 . The tenq crature 
rise is usually 40°C for normal applications and cooling c.m fficient i* liotwi \\ 0 02 to 0 035 

°G W-m*. 

If we know the insulating material and the t< mpt r.tture it can withstand, fht ambient 
temperature, and the conductor i.* i%ttvitv p at operating temperature, a compatible set 
values for current density 8 and specific eiectric loading ‘tic’ can be derived from Eqn. 8"23. 

Example 8 1. A 350 kW, 500 V, 450 rpm, 6 pole d.c. generator in built tcith an arma¬ 
ture diameter of O'87 tn and a core length of 0 32 m. The lap wound armature hue COO conductor*. 
Calculate the specific electric and magnetic loadings. 

a . . . 350x 1000 . 

Solution. Armature current /a= - — ==700 A. 


= 700 A. 


Current in each conductor It-—- =-g— — 116*6 A, (u=p lor a lap winding). 

hZ 116-6x660 no , i4l 

Specific, electric loading «*-== ^ {) --- -- R y *26200 ampere conductors per metre. 


We have E~-<bZn 


... . . Ex a 500x6 

1 UX pi r P ° ° "^ Znp~ " 660 x (4 50/60) X 6 
=0-101 Wh. 


. . ,, 7»<S> 6X0' 101 

Specific magnetic loading B ‘r am n jfj' i 693 Wb/m 2 . 

Example 8'2, («) The output co-efficient of 1250 kVA , 300 r pm. synch onous 

generator is 200 kVA/m*~r p s {«’. Finn the values of main dimensions (/>, L) of the 
machine if the ratio of length to diameter is O'2. Also calculate the value of main dimensions 

*/• 

(b) specific loading are d> creased by 10 percent each with speed remaining the same ; 

(c) speed is decreased to 150 >pm with specific loading remaining the same us in part (o); 
Assume the same ratio of length to diameter. Comment upon the results. 

Solution. ( n ) Speed = 300/60 -= 5 r.p s. 

‘OfU, 

From Eqn. 818, 25 sn>. 

But LfD=0'k (given) 0 ?. /)»=1*25 

(b) From Eqn. 819, output co-efficient i?„=l 1 B nt a c /sT w X 10~A 

This means that the output co-elhcient < ' 0 is directly propor tional to the product of 
specific electric and specific magnetic loadings. I he specific loadings ate each decreased by 
10 per cent'an i therefore new value of output co-efficient is : C’ 0 =0'9 X 0 9 X 200 = 162. 


1250 , rc 

Hence n. 


0*2 D 3 = 1 "55 


or 2)= i"98 m and L~ 0'4 m. 

The results indicate that the size of the machine increases with decrease in specific 
loadings. 

(c) Speed n«= 150/60=2-5 and output co-efficient <7„=200. 

* jp»x= 125 ^ -=»2‘5 m 8 or 0 2 D**-*2*5 

u-n 200X2 5 

or D—2 3 m and /v=0’46 m. 

The results show that the size of machine increases with decrease in operating speed. 
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Example 8 3. Piove that in a d.c. macktn< the volume of active parti it proportional 
to totqus of the machine. 


...... , pi>w«! cK vi loped by armature Vim 

Solution 1 orqm* 7 -^ ~ - , , - - - —- 

; .minilar velocity 


angular velocity 

Mn T h \ K 
2 n a ^ 


Bui <P ' Jim* rtDL/p, 
7'«=- 

• • ** 

1 )*L= 


2 rtn 

h-In/ti and 


ItZamnD ac 


1 

2 « 


( IL, ) pin 1) ac)«= -- Ha, ac IPL 


or 


27' 


K Bm, ac 


volume - 


Volume of active parts of machine®*— D t L=—r. - 

1 4 2 Bam ac 

Since Ha, and ac are const.■ nt, the volume of active parti is proportional to the torque. 

Example 8 4 Prove that foi a '/«’ phase synch onous machine, the effective rotor 
volume is given by : 

QXlO 3 

y /2 n 2 Buv nc n 

( b ) A rough estimate of the dimensions and windings of 100 MV A 11 kV, 3000 rp 
star conntcled 3 phase turbo'alr* natoi is required The maximum value of fiux density in th 
air gap of a machine is to be limited to 10 ffb/m* The specific electric loading is 80,00 
ampere conductors pet metre 

(i) Determine the approximate volume of the cylindrical part of the rotor 

(it) The peripheral speed of roto v is to be limited to 200 m/s Estimate the required dia¬ 
meter and length. 

{in) Calculate the number of turns per phase. 

Solution kVA rating Q~m Eph Jph X 10"' 

Voltage per phase Eph =*4'*4 Tph Qf K*=* y/2 n Tph <!>/Km 
Q=*m Xy/2 n Tph Of Km X Ipk X 10~ 3 


Putting 


- D nDL r _ uD ac . , pn, . 
<p**Ba». —, Ipk Tph"* -; r - — and/**-—, we have 
p im 2 

e—x V 2 * (a. )(5®S* ) JC.X 10- 

-(iT"*- -C..K.X10-W /. 


a* Bm ac n. Km 

* . W ,..r « w 2v'20XlO* tfXlO® 

Volume of rotor=— D l L~~~ X ~ - * i a.., .. — ~js , D - 

4 4 jc 5 Bm 9 cxc n$ Km v2 ic 2 Saw dc n$ 

as value of winding factor kW may be assumed as 1. 

{b) Assuming a sinusoidal flux distribution : Bu»^{ 2/«) £»»=(2/n) X l »=0'637 Wb/m* 
Synchronous speed n*«=3000/60**50 rps. i 

<*> Volum ' of rolor ~ ^ 80600x50 * Tn 

(»*) Peripheral speed“WJ? ti»**200 m/s (given) 

200 

Maximum permissible rotor diamcter«"^y^ =» 1*275 m. 
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Taking rotor diameter />—1'25 m. Unr- ! ngth = --rr. '7;>--=2'24 m, 

n \ 1 a)- 

9 f n y AH 

(Hi) Number of poles^ —- = r--—2. 

»« oO 

Flux per pole Q==Bat 0 637X- *'' ;! V\b, 

Voltage per phase Ep\— 11000/ y/3 =6350 V. 

Now Eph~4 44 Tph 0 /Kw or o350=*4‘44 Tpt. X2*Iix 30 < I 
Turm/phase—1U 

Example 8‘5. A 125 W, 230 V. 5000 r.p.m., universal m»to> has n fu '! I .id 'fin-in ry 
of 50 per cent. Calculate, th- power den loped by uimutuu nf th> m.dn ■; ti.> tint; vj ■ <>n, 
friction, and windajr louses is aj>prnximatrly 1/3 of total hr<srs. 


Solution. Efficiency tj= - 01ll PV —- 

ou'jmt-f-l'sses 


or 0'5: 


7 ou'jmt-f-l 'sses 123-1 le",is 

or total losses=125 W and constant losses=123/3=i42VV 


Power clcvclopid by armature P 0 = 1254-42= 167 W. 


(The same result is obtained by using Ec{n. fl'14). 

Example 8 6. In a d r.. machine the maximum flux /!• vsity in (he ttrnulurc inth 
to be limited t > 2 0 Wb/m 2 . The ratio of minimum width of tooth t<> riot pitch is 0 4. t ‘aim- 
late the limiting value of specific magnetic loading if the ratio pole, arc to pole pitch—0 7. 

Solution. From Eqn. 8'20, for a salient pole machine limiting value of .«.p. ciftc nt ;g- 
netic loading is, 

Wt 

Ba.=<px —xBi= 0-7 X 0 - 4 X 2=0-56 W/m». 

y> 


Example 8 7. The. core lots in the teeth of an induction motor when designed with a 
specific magnetic loading of 0"46 Wb/m * is 920 W. If the. machine, is redesigned with a 
specific magnetic loading of 0 5 Wh/m?, calculate the approximate value of the core loss in 
teeth Assume that specific r.^re losses vary as square of flux density and the bngth flux path and 
also the ratio of width of tooth to slot pitch remain constant. 

Solution. When dealing with effect of specific magnetic loading on core looses we 
have seen that core losses in any part of machine vary approximately linearly with flux 
density. The flux densitv in any part of the magnetic circuit is proportional to specific 
magnetic reading, B»». 

/. Core loss with Z?o*=0*5 Wb/m* is t >°fW0 , 5/0 , 46=d0fl0 

Example 8'8. The IEC recommend'"/ .*s allow » maximum temper-iiure rise, of 50 U C 
(as measured with thermometer) for winding **■* small machines employing class A insulation. 
Calculate the maximum permissible value of specific electric loading which can be 'used for 
a machine designed with class A insulation and using copper conductors with a current density 
of 3’5 A/mm*. Assume a maximum ambient temperature of 4<fC and a cooling co efficient 
of 0 02. The resistivity of copper is T734x1Or* Cl m at 2(EC. The resistance temperature 
co-efficient of copper is 0 J0893/°C at 20°C. 

Supposing the above machine is redesigned with class B insulating miterials for which 
maximum allowable temperature rise is SEC above a* ambient temperature of 4(fC, catenate 
the value of maximum allowable value of specific electric loading. The values of current density 
and sooting co-efficient remain the same. 
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Solution. 

Class A Insulation. Operating temperature of copper conductors 
= 40°+ 50°—90°C, 

Resistivity at operating temperature p=l'734X 10~ B [1-f-0‘00393(90--20)J 

=2‘2 X 10~ a Cl rn. 


Fmm Eqn. 8‘23, maximum allowable specific electric loading 

0 50 

$ c' "2 X 10~ 8 X 3-5 X 10« X 003 
=21600 ampere conductors per metre. 

Class R Insulation. Operating temperature of coridiirtnr:-=4(.°-f 65°= IOj^C. 

Resistivity at operating temperature 

P=I-734X 10- 8 [1-f0 00393(105~20)]=2’32x Itr* f> 

Maximum permissible specific electric loading 

65 

aC ~ 2'32 X 10" 8 x3'5X 10 9 X() 03 

=26700 ampere conductors per metre. 

Example 8 9. For a certain d.c. generator the core loss it 1000 W and the armature 
resistance is 0 025 Cl. The a >re and windings form a cylinder O'25 m long and O'25 m in 
diameter. Specific loss dissipation is 230 WJm 2 — °C. Calculate the specific electric loading 
which would result in windings and core having a temperature rise of 40 a C. The mo eh in* i . 
wave wound with 270 armature conductors. 

Assume that the heat is dissipated from the cylindrical surface only. 

Solution. Cooling co-efficient c=l/X=l/230=0'(0435. 

Dissipating surface 5*“«/)L=w X 0 25 X 0*25 =0 1965 m 3 . 

Maximum allowable powe** dissipation from armature surface 
,, SB 0 1965 x 40 _ toAA „, 

Q ~ C —cTooJir - |800W - 

Maximum allowable PR Ioss= 1800—• 1000=800 W. 

(/<»)* x0'025=800 or armature current Jo=180 A. 

Current in each conductor J*=/ n /o=180/2=90 as a=2 for wave windings. 

...... ItZ 90X270 

Specific electric loading ac= = n ^ Q ^ 5 

=31000 ampere conductors per metre. 

S‘2. Variation of output and losses with linear dimensions. Consider two 
machines of the same type with all their linear dimensions in the ratio * : 1 and having the 
same speed, flux density and current density. 

Let the machine with linear dimensions x times be called A and other machine B. 

Output. From Eqm. 8 8 and 8*17, we have for any type of machine : 

Output oc Bat ac IAL «. 

Since flux density Bat and speed n are constant therefore, output cc ac D*L. 
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Now 


ItZ {&Ui)Z 
it D “ ~^D 


ar. cc -r— oc x 
x 


since area of each conductor cu x y 2 , diameter /' x x and current 
and Z have just numerical values. 


density $ is constant and R 


We have 1 A oc x 1 ami L cc x 
Output oc « X .r* X x cc x*. 


Therefore, the output of machine A is z i times the output of machine B. 

Lottes 

PR loss=number of conc’uctorsXcopper toss' in each conductor 
~ZX (It) 1 ? — *2(4ai)*p — «S*p X (Za, l) 

ui a, 

~S 2 p x volume of active portion of conductors. 

Now current density 8 and 1 resistivity p are constant. 

PR loss X volume of conductors oc x 3 . 

Thus the copper loss of machine A is x* time that of machine B. 

The specific iron loss (» r. loss per unit volume) remains constant if the Mux density is 
constarn. 

Total iron loss— loss per unit volume X volume of iron oc volume of iron oc x*. 

Both PR and iron losses vary as the third power of linear dimensions. 

Total losses or x 3 . 

This nrevms that tot al losses of machine A are x* times those of B. 

__ . __ . output ** 1 

Efficacy. Efficiency H A „ ' 

From above it is clear that i) increases with increase in x. It follows, therefore, that 
the larger machines ar" intrinsically more efficient. This explains in part why fractional 
horsepower motors have efficiency of the order of 60 percent 01 less and large turbo-alterna¬ 
tors have efficiencies of the order of 98 per cent. 


Cooling, The heat dissipating surface is proportional to the square of linear 
sions or 8 oc **. 

We have. 


temperature rise, 8«® 


•Vc 
' 8 



as losses oc x* 


dimem 


oc % e- 


If we assume cooling co-efficient c to remain constant, A oc x. 

Therefore it is ei idenr that the temperature rise of machine A is x times that of 
machine B. The variation of temperature rise directly with linear dimensions (although it 
is strictly not correct as with increase in dimensions, the rotor diameter increases and so 
does the peripheral speed and therefore the ventilation conditions in the machine are 
improved which lower the value of e) This is certainly a serious situation ?s normally the 
machines are operated over very narrow range of temperature rises say about 60 C for 
class A insulation, about 70“C for class X insulation and, therefore, we must resort to 
some outside methods to bring down the value of cooling co-efficient c for big machines 
in order that their temoerature rise is within maximum allowable limits. Although to 
a limited extent the increased natural fanning action of rotors of big machines due to 
their high peripheral speeds, helps in i tnproving the ventilation conditions in the machine 
but forced cooling eventually btstmti essential » Thus as the size of machine increases! 
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better ventilation and cooling conditions have to be provided in the machine in order to 
keep its temperature* rise within limits. This explains in part why fractional horsepower 
motors can be entirely s“lf-cooled while large turbo-alternators require more elaborate and 
sophisticated cooling schemes. 

It may be pointed out here that unless we incorporate better cooling methods in big 
machines due to which the heat generated in the machine is taken away it will be impossi¬ 
ble to work these machines to deliver higher outputs as the high temperature rise brought 
about by higher losses will damage the insulation. Thus simply increasing the dimensions 
of the machine will not help us in taking higher output from it, but we have to provide better 
cooling facilities to protect the insulation from deterioration caused by higher losses that 
follow higher outputs. 

Current Density. In the analysis done till now we hav: assumed a constant value 
for current density. But it is not possible to maintain constant value of current density for 
larger sizes of machines even though we employ forced cooling and if current density 8 is not 
maintained constant the specific electric loading oc is not therefore proportional to x. 
The current density is greatest in small machines, diminishing considerably with increase in 
size. However, in large turbo-alternators which employ direct cooling of conductors the value 
of current density can be appreciably increased. 

Table 8 1 gives normal values of specific magnetic loading, Bat,, specific, electric 
loading, ac, and current density, 8, usually used in practice. These values are for a tempera¬ 
ture rise 40°C. For a temperature rise of 50°C, the values given in Table 8'1 may be 
increased by 7‘5% for /?«», 7'5% for ac, and 15% for 8. 

The values are also based upon peripheral speeds between 15 to 40 m/s. 

8*3. Separation of D and L. The value of product D 2 L can be obtained by 
using Eqns. H'8 and 817 but additional data is required before this product can be further 
split up into its components D and L. The factors which influence the relative values of D 
and L are different for different types of machines. 

8*3 1. Separation of D and L for d.c. machines. 

(t) Machine proportions. One factor in determining the value of core length is the 
ratio of cor * length to p>b pitch as it determines the proportions of the pole. 

The pole section which necessitates the smallest weight of copper for the field winding 
is circular, sine--* its periphery is the smallest for a given area. Therefore, the mean length 
of turn is small* -d with circular poles than with any other form uf pole section. However, 
circular p ->W r i ■ *.sitate the use of solid pole section. Modern practice is to use laminated 
pole- as thei >.5*> results in reduction of production costs and therefore rectangular section 
poles are used. r f ; e dimensions of the machine arc. decided by the square pole criterion. This 
'•v.es that, for -riven flux and cross area of pole, the length of mean turn of field winding 
is minimum wh< n the periphery forms a square. 

This means the length L must be approximately equal to the pole arc or L=b='l>r. 
The value of is usually between 0‘64 to 0’72 and therefore the ratio Lit is 0‘64 to 0'72. 
However, in practice L is slightly greater than pole arc 6 and therefore Lft is usually bet¬ 
ween 0‘7 to 0‘9. 

(»*) Peripheral speed. The peripheral speed of armature (F#*«Z>n) is sometimes a 
limiting factor to the value of diameter. 

The peripheral speed should not exceed about 80 m/s as this speed does not call for 
any special rotor construction. However, if this speed is exceeded, the banding wires on 
the overhang have to be made especially strong. 

(iii) Moment of Inertia. For machines used in control systems, a small moment of 
injrtia is disirabb. At nvnn! o f in:rtu is approximately proportional to the dia- 
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ocneHal concehs and constraints 


469 




470 


ELECTRICAL MACHINE DlStON 


meter should be mi!« as ■small as feasible for machines meant control svstem applications. 
Conversely, a high inertia machine may be required for impact-load applications ami such 
machine. 1 ! are designed for large diameter. 

(it?) Voltage between adjacent segments. The maximum cor’ leneth is hard by 
the maximum voltage that can be allowed b tween adjacent segments. 

The maximum voltage between adjacent segments 
K cm ^2B gm !A r aT c 

where Bgm — maximum air gap flux density under load conditions, 

and T c ~ tunas per coil. 

Taking typical limiting values .'10 V, Bm— 1 2 Wh/m 2 , l'a=30 m/s and 7\ — 1 
(single turn coils arc used for large machines), we have : 

30=2 x 12 x Lx30X 1 or Xai0'4 m. 

1 his is only an indication of value obtained, hut it must be clear that large d.c. 
machines shoul i have large diameters rather than large cote lengths. 

8 3’2. Separation of D and L for inunction motors. 'Hie operating characteristics 
of an induction motor are mainly influenced by the ratio /,/ x i.e. by the ratio L/D for a fixed 
number poles. The factors influencing this choice are : 

For minimum c >st Lj r=i 5 to 2, for good power factor Lj to 1'25 

For good efficient y Ljx—} '5, and for good overall design Lj r = 1 . 

Actually largest values of Ljx ratit) apply to high voltage machines, where due to 
the relatively, longer core length the flux per pole is increased and thereby number of con¬ 
ductors is reduced. This greatly reduces the cost of insulation. 

8 3 3. Separation of D and L Cor synchronou* machines. 

(») Peripheral speed. For large high speed machines /> is fixed by the limiting 
peripheral speed. If this peripheral speed is exceeded, the rotor may become distorted owing 
to increased centrifugal stresses. It, therefore, becomes logical to express the output equation 
in terms of peripheral '■need. 

The output equation for a synchronous machine is : 

$=(11 Bat ac K*X 1U"*) L ' n, (Eqn. 6 id) 

and peripheral speed of rotor Va 
We have. 

Q-tn Bat acK»X\ r»)(^ u )‘L. 

=(111 Bat<n>K*XlO-*)¥^ ...(832) 

»l# 

An increase in machine rating will necessitate an increase in D (and L) until the maxi¬ 
mum permissible p *ri|>lieral spi ed is reached. Once this happens, the value of D cannot be 
increased further and the only way to get increased output is to increase the length L. This 
presents many difficult mechanical engineering problems connected with critical speed of 
•. tor and also with cooling arrangements for the machine. 

The peripheral speed Va does not necessarily correspond to the synchronous speed of 
>.he machine as overload speed mu't be allowed for, especially in the case of hydro-electric 
..orators The peripheral speed must be calculated for run away speed which may be as 
... h 10*1 percent in excess nf normal speed. 
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The puiph- r.d *p id may reach 175 ni/s for fbrg»d steel rotor'- of turbo- alternator*, 
anti *a value <>| ,*l> hh til) ni/s tn.ty be the limit f»i >low speed pole Alternators. 

(it) Number of poles. The diameter of the machine • epends upon the number of 
poles. If the number of poles is largi- the pitch is small and if.» small diameter is used for 
this machine, there may not be sufficient loom f<>i field coils. 1 herefore, a large diameter Is 
advisable for m ichines having large number of poles (i.f. for machines working at low speeds). 
Actually the following empirical relationship may be used 

riL—O' 5+6/p. 

(it*) Short circuit ratio. major factor iiifhn ricing the design of syncieonous 
machines is their short tiicuit ratio (SCR). I his i> discussed in details in the chapter on synt 
chronous machines. In order to obtain oc high value for short circuit ratio, long core length 
should be used. 

However, a short core length is advantageous since it is easy to cool, has a higher 
critical spnd and reduces the leakage between pole bodies. 

8 4. Standard frames. Apart from a few special machines, the manufacture of all 
modern motors for industrial applications is concentrated into a series of standard frame* to 
cover a wide range of power ratings. The general practice i to limit the number of rated 
outputs Table 8 2 lists the recommended ratings as per IEC 72 


Table 8 2 Recommended ratings (kW) 


006 

037 

2-2 

15 

45 

132 

220 

335 

450 

600 

800* 

009 

0-55 

3*7 

18 5 

55 

150 

250 

355 

475 

630 

850 

012 

0-75 

5*5 

22 

75 

160 

280 

375 

500 

670 

900* 

018 

1-1 

7-5 

30 

90 

185 

300 

400 

530 

710 

950 

0-25 

1*5 

11 

37 

110 

200 

315 

425 

560 

750 

1000 


These ratings can be provided with a limited number of standard frames. A frame 
is the mechanical structure required to hopse a stator of given outside diameter Do along 
with its bearings, end covers and terminal box, and maximum core length L as shown in 
Fig. 8 6. A variation in rating can be obtained by using alternative core lengths less than L 
such as 0'7 L or 0'5 L. Suppose a 4 > kW 750 rpm motor is designed to be houired in a certain 
frame, the same frame can be used for 37 kW, 750 rpm motor if the length of core is made 
0 7 L (as 43X0 7 « 37). 



Fig. 8‘6. Stator dimensions relevant to frame. 

The standardization of frame sizes leads to economy. All modern motors of small and 
medium sizes are built with standard frame sizes as specified in IEC 72 which lists a coherent 
range of main structural dimensions with centre heights between 56 to 1000 nun* 
(See Fig. 8*7) 
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A frame size js designated by a number which is its c^ntie height (J7) expressed in mm 
Thus irami’ designate.! ,,, ) lias a o n,re height (If) of 1151) pi n. The frame sizes with heights (H) 
b.t\v,e 1 ;')(> t I urn nun a, n-comiie'i led by IRC art li-tou in Table ffj. The outputs from 
the stand it'd lrain.:s aie periodic illy asa^se J to take into account the latest technological 
advancements. 




Fig. 8 7. Structural dimensions of standard frames 

Table 8*3 Frame sizes for foot mounted motors. 

(//^distance centre from shaft to mounting surface). 

5^ 63 71 80 90 100 112 132 160 180 200 225 250 

1 15 355 400 450 500 630 710 800 900 1000 


'J'he frame .sizes used for foot mounted 3 phase n.c. induction motors are given in 
Taldc*: 4 1 ii; *■ . structural dtmeasions are indicated in Fig i 7. 

i'he frame size in Table 8'4 consists of two parts, the first part giving the figures re- 
*la»e ' to the actuil shaft centre and the second part giving hitters indicating the frame lengths, 
t. fcV tlers being : 

S for short core length 
M for medium core length 
L for long core length. 

Table 3‘4 >hows that the fratn.' numbers (shaft centre Hi are associated with three 
dilhfr at Jim.’riiioris values for B, giving small, medium and long core lengths. However, 
in actu d practice, only two values are adopted lor B for each frame size. 

Example 8 12. In two d.c. motors running at the same spet J and having the same 
number of pairs, the physi-A. dimensions are in the ratio of 3 : 2. Compare the outputs, arma¬ 
ture Tfei't looses, and copper losses in the two machines. State any assumptions made. 

Solution. We have already analyzed that for two machines having same speed 
ane tt.iving linear dimension's in the- ratio of a:: 1, 

outputs arc in the ratio x 4 : l and losses are in the ratio : 1. 

These results are ba ed on the assumption that the specific magnetic loading and the 
current density arc the same foi the two machines. 

In the given problem, the machines have their linear dimensions in the ratio 3 : 2 or 
T5 : 1 and therefore 

(vpCimts are in the ratio (1*5)* : 1 or 5.06 : I, 

irer V^ses are in the ratio (1 ’."•)* : 1 or 3*37 : 1, 

a "0 copper losses are in the ratio (1*5)* : 1 or 3*37: 1, 
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Table 8 4. Dimensions for foot.mounted a c, induction machines with shaft 
heights 112—315 mm. 


Frame 

(number) 

Millimetres 

H 

| * 

B 

C 

K 

max. 

ms 

112 

190 

1 114 I 

70 

1 

12 

112 M 

112 

190 

140 

70 


12 

(112 L) 

112 

190 

159 

70 


12 

132 S 

132 

?16 

140 

89 


12 

132 M 

132 

216 

178 

89 


12 

(132 L) 

132 

216 

203 

89 


12 

160 S 

160 

254 

178 

108 


14 

160 M 

160 

254 

210 

108 


14 

160 L 

160 

254 

254 

108 


14 

180 S 

180 

279 

203 

121 


14 

180 M 

180 

279 

241 

121 


14 

180 L 

180 

279 

279 

121 


14 

200 S 

200 

318 

228 

133 


18 

200 M 

200 

318 

267 

133 


18 

200 L 

200 

318 

305 

133 


18 

223 S 

225 

356 

286 

149 


18 

225 M 

225 

356 

3’1 

149 


IS 

(225 L) 

225 

356 

356 

149 


18 

250 S 

' 250 

406 

311 

168 


22 

250 M 

250 

406 

j 

349 

■ 168 


22 

(250 L) 

250 

406 

406 

168 


urn 

22 

280 S 

280 

457 

368 

190 


22 

280 M 

280 

457 

i 4,9 

190 


22 

(280 L) 

280 

457 

; 457 

190 


22 

315 S 

315 

508 

406 

216 


27 

315 M 

315 

508 

457 

t 216 


27 

(315 L) 

315 

508 

508 

216 


27 
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Example 8 13. Compute lh< outputs of two synchronous machines having linear dimen¬ 
sions in th'' rutin x : / and tunning at different ipeeds but subjected to equal cent: ifugal stress. 
Assume that the. specific ■wugn-tic loading end run < i,t density ax the same in the two ma¬ 
chines 

Solution. kV \ output Q-- (' 0 1>~L n* — (I I Kwlia* ac Y If) 3 )D 2 Ln t 

Now //«»■=< <«u-t;mt and ar. cc x iI current density if assumed constant 

It i. giv< n in tlie problem tln.t tin* centrifugal strt'Sis remain the same and therefore 
the peripheral sp'-’d F« of the two machiia s is tin same. 

P, npheral speed or spot d «» a 1 jl) a Mx 

Output Q OC X X x B X X X oc X 3 


as ac oc x, D 2 oc x\ L oc x and n$ oc \jx 
I {( nc<- the ratio of output-, of two machines is : x :i : 1. 

Example 8 14 It has been establish d from test results that the ratio of tu.-s.to output 
of small rotating machines vary approximately as l) 1 Ij l,i n ' 2 when- D, L, n a- e respectively 
the diameter, length and speed of the machine. n ruv< that if the t< mperalure rise remains cons 
tant the output of a small machine varies as IPLn. Assume cooling co-efficient caVeT 1 / 1 where 
Va ns the peripheral speed of the rotor. The. effective heat dissipating surface of the machine is 
proportional to the geometric mean of the end surfaces and the cylindrical surface of the 
rotor. 


Solution. 


Temperature iise 6 = 
or losses — 


losses X cooling co-cflicieiit 
dissipating surface 
t)X dissipating surface 
cooling co-efficient 


End surface —2 > (n/4) IP oc 1 P and 

cylindrical surface = nDL cc DL 

Dissipating surface cc*[lP>.l)L ac IP>- If! . 

Cooling (o-efficient cor.(i «) -1 ' 4 cc(niM/ 1 ' 2 cc D~ l 12 n~ l P. 

DPi ifn 

Hence, losses cc jyTiT^T/1 00 T lz n 1/2 . (as 0 is constan.) 


Now, "~^- t 1 L 1/2 n " l ‘ 2 <given) 

Output oc lossesX DL 1 ** » 1/8 oc {D 2 L 113 n l, *)XDL l l 2 n 1 t 2 ccl) 3 Ln 


Example 8 15. The losses in a 11 leW, 3 phase, 4000 V, 50 Hz, 1000 rpm induction 
motor are : 


HR lo stirs — 950 IF, iron lossra=500 W, and friction and windage losses=110 W. 
Find the output losses and efficiency of a similar motor designed with each linear dimension 
V5 times the f: n a a r dimensions of the given motor. 

Compare the values f 'j efficiency of the two motors. 

Solution. Total losses of the given motor—950-}-500 + 110=1560 W. 

Efficiency of the given motor** - r; ()n , ./v p . *=0'876 
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Ratio of friction and windage loss to output- i iUy 1 1000=001 or 1 '’f, 

Output varies as fourth power of linear dimensions 

Output of a motor whose linear dimensions of ! 5 times those of the given 
motor«{l’5) 4 X 11^557 kW. 

PE and iron losses vary as the cube of the linear dimensions. 

PE and iron losses—(950+500) X (1 , 5)*=4}I93 VV. 

Friction an 1 windage losses 9 1% of outputs*-— X 55 7x 10 s --557 VV 

Total losses=4893-! 557=5450 W. 

Elhcl0,| cy’l-337 00+5450 -- 91 5% 

Example 8 16. All kW, 3 phase, 50 Hz 1500 srpm delta connected induction motor 
has : stator bore D—015 m and core length L~0\)6 m. 

Estimate the main dimensions of a 3 7 k\f, 3 phase, 50 Hz, 1000 srpm delta connected 
motor having the same loadings as the previous one. The efficiency and power factor art same. 
Assume the same L/ t ratio. 

Solution Let subscripts 1 and 2 refer to the 1st and 2nd machine respectively. 


Synchronous speed ns^ 


1500 

60 


=25 rps. Number of poles =4 


25 


», a » 


1000 


60 


>16 67 rps, p t * 


2X50 

16-67 


_ y n -1 K 

Pole pitch, t x = ■ ^ ■—=*0118. Ratio J5 /t-0-06/0 H8»O-51 


Output Q—CoD*L », or 

kW 2 


kW 

-— T -CoD*Ln. 

cos <f> 


or 


kW 


cos 4 ns 




kWj 


^1 COS 4 l 

flz cos <f>i 


C’j, 

Co t 


nn 

n»j 


Now the power factor, efficiency and output co-efficients are the same in both cases, 

kW 2 11 . x(lf) i 5) *x(006)-6-8x 10-» m* 

0-267 Z>,*=6 8 X10~* 


w-m 

Number of poles is 6 and ratio X/t» 0 - 51 
Thus ——0’51 or L t =0'267D t 
or D,=»0‘29 m and L t at 0‘08 m. 


Example 8-17. A control motor is required to operate from a 24 V d.c. supply and to 
provide a torque of 0 5 Nm at 200 rps. The armature length is to be twice of armature diameter 
in order to achieve a low polar moment of inertia. 

(a) Estimate the main dimensions of the armature. Assume average gap density—O'4 
Wbfm * and ampere conductors per metre =*8000 since the machine has a small rating. 

(b) Assuming that the average density of rotor material is about 8000 kg/m *, estimate 
the polar moment of inertia of the armature. It may be assumed that the polar moment of 
inertia of commutator, shaft and overhang is approximately equal to that of cylinder of magnetic 
material. 
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Solution, (o) Power developed by armaiure 

7 J u—7 , o»=U*5x?tsx 20 >X 1{)‘*=C'(»2H kW. 

Output co-efficient C'o^n 2 B u *acX i0~ 3 =n a x0'4x800x l0~ 3 =3r3. 

Pm 0-026 


Now 
Wc have 


IJ*L= 


•=-0*984X ltr* m*. 


C 0 n 5 13 X *.04 

L=21> (given) 22> 8 -»0 984X 10'* 

oi D— 36 5 mm and 73 mm 

(b) Polar moment of inertia 

J= mass density X IPL^WOO X — (U 0375) 4 X0073. 


—23 3x IU * kg-m* 

Example 818. A 500 kW, 375 rprn d.c. genet ator is designed with Bav—0'6 Wb/m? 
and ac -35000 am})ere, conductors per metre and ratio 710 /e arc to pitch—O'GG, The. 
arn alurt is lap conflicted and single turn coils are used, find suitable values for diamt ter 
and length of armature if the maximum value of voltage betwem adjacent segments is not to 
ex etd 30 V at full loud and the periphei cl speed is nut to ixc> td 30 m/s. Assume the. maxi m 
mum value of gap density at full load to be 1 3 times the maximum value of flux density at no 
load. Efficiency at full Uwd^Q 91. 


Solution. Neglowiiiig rotational losses, power developed by armature at full load 

'- 7 -Hr-* 50 kW - 

Speed ■ »«=375/60=6 25 rps. 

Output co-efficient C^k'Bm acX 10" 3 =n 2 x0*6 X35000X 10~*=207 5. 

Pm 550 


Now 


D*L* 


C 0 n 207 5x6 25 
Taking peripheral speed F«=20 m/s 
F. 20 


• 0*423 m 3 . 


Diameter 




nn nx6 25 


jol m and JD—0'42 m. 


Maximum value of flux density at no load 

Wb/m*. 

Maximum flux density at load fi»»=»l '3 XO'9=117 VVb/m*. 
Maximum voltage between adjacent segments at full load 

Em*=2 Btm LV^a 2V=2X 1*17x0*42X25X1 
ssr24’6 V. Within limits. 


Example 8*19. Select dimensions from the. following range for a 25 h.p , 400 V, 3 
phase, 6-pole, 50-Ha induction motor. The mean gap density is not to exceed 0 45 Wbfm * 
and specific electric loading is not to excet d 25000 ampere conductor per metre. Calculate also 
the turns per phase for the stator winding. The product of efficiency and power factor may be 
taken ae 0 72 and the motor must be suitable for star delta starting. 


Stator bore 

m 

025 

030 

036 

Core length* 

m 

f 010 

012 

019 


1 014 

016 

018 


Assume winding factor^O‘955. 
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Solution. kVA mpi^t to induction motor 

UaB li p^xdj 4 ^ 1:3X0 74u __ 0 
>i cos 4 i»‘7'J 

Output coefficient 1; K w H.racX it» :t 

= 11x0 033 X 0 45 x l’30t '0 x 1 O' 3 --110 5. 

Of n y 5(1 

Synchronous speed »*= — = Ib'uO i }..s 


D'-L- 


Q 


25-9 


C 0 n, 118'5 x !6 03 


= 13 1 X M)“* in*. 


The D- Jj product for dill* r. at frame mzw i tabulated below • 


D 

0-25 

O 

'-A 

03 - 

0-30 

0 360 

036 

L 

0 10 

0 14 

0 12 

016 

0 19 

0 ;0 

&L 

675x 10- 3 

8-75 x 10-* 

10 1 x 10 3 

14 4 x 10-' 

24 6xll)-» 

23 3x 10'* 


From the above table we observe th it the vuuhl» frame size which gives the nearest 
value of D 2 L is: 

1)=0'30 m and Z=0'l6m 


Flux per pole 0= ~~~~ x0 45=0 0113 Wb. 


Since the machine is to be started by a star elta starter, it must be designed for delta 
connection and therefore voltage p r phase liph— 4C0 V. [ 

Turns per phase 

400 

" = 4-44 X 50X0-0113X0-955 “ 


Example 8 20. Determine the stator bort and length of armature for 750 kVA, 
50 Hz, 2200 V, 3 phase star Conner,led 500 rpm alternator, given that the length of armature 
is equal to the pole pitch. The relation between the output co efficient and the diameter is : 


D 

0-8 

10 

1-2 

1-4 

1-6 

it 

(i metre) 




• 



c. 

354 

174 

188 

% 

198 

n 

210 


Solution. Synchronous speed m= ~^q~ “8‘33 rps. 


Number of poles p=-~=r =*12. 

It is given that core length=pole pitch. jD"»u/>/p»»t»D/12™0’262D. 
Now Q**C o D t Ln$*=Co(0'262 i>*)X8'33 
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0 0-262X8-33 

The product D*C 0 for various diameters is tabulated below : 



0-8 

10 

12 

1-4 

78 7 

174 

325 

545 




A graph is plotted between D and product D* C 0 . It is observed from this graph that 
a diameter of 1‘22 m gives D&Go—344, the required value. 

D- 1 -22 m and 0'262 X 1 '22=0 32 m. 

Example 8 21. The deiijr, details of two d.o. machines are tabulated below. Compare 
their relative outputs. 


Current 

density 

I 

AI mm* 


Diameter 

Core 

Speed 

Slots 

Area of 

Slot space 


D 

length 

n 

S 

each slot 

factor 

m 

L 

rps. 


At 

Sf 

Wbjm' 


m 



mm * 

075 

031 

10 

72 

48x11 

05 

1 

06 

055 

025 

7-5 

61 

44x10 

043 

056 


Solution. Specific electric loading ac=I t ZjitD. 

Cuilrent in each conductor I t ~ current density X area of each conductor=8 a*. 

Total armature conductors conductors per slot X slots 

_ area of copper in each slot ^ s ] 0 t s — # ^ 

area of each conductor ■ o* 


J,Z«(8a.)X 


<*) 


3-bSfA, S 


ItZ b S f A t 8 
Mam *D "" nD 

We have, output “(n* Ba» ae X10”*) D t Ln—nB— 8 8/ At SDLn X 10“* 

Ratio of outputs 

(output), (B m )a . ( 8 ), . (SfU (AU .. (S)a (DU .. (Da 

(output), " {B")b x (8), x (S t )B x (At), x (5), x (D)b x ( L)b * (»), 

i 

»(#)»(*>** 
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UNSOLVED PROBLEMS 


* Calculate specific electric and ma inetic loadings of a 100 h p., 3<X)0V, 3 phase 50 Hz 8 pole star 
connected (lime proof induction motor having stator core Ian th«0 5 m, stator bore .-»0 66 til and turns per 
phase=2 '6. Assume full load efficiency —0 918 and power factor—0 86. 

[Ans. J9„„-0 22 Wb;m»; ac-14730] 

2. (a) Prove that the effective volume of the roto; of a m phase 2 pole synchronous machine bavin** 
a sinusoidally distributed winding is - iven by : 


Volume C3U 


2V2gx 1Q» 
nv>B m ac 


where Q is the kVA rating, <•> is the angular frequency, 
electric loading. 


is the max.un.im flux in air gap and ae is the specific 


(i) Show that the volume for a p pole m ichinc is n/2 times the value calculated in (a). 

(e) If the stator has a large number (/n) of phase windings, each of which consists of one concen'rated 
coil, show that the volume is reduced to .e/4 of the value given in part (a). 

(d) Using the expression derived above estimate the mam dimensions of a l MVA, 2300 V, 3 phase, 
60 Hz, 6 pole star connected synchronous machine. A maximum gap density of 0 9 Wh in* and a linear 
current density of 40 000 ampere conductors per metre may be as .umed. The axial length of machine m iy be 
taken equal to one pole pitch. 

Calculate also the number of turns per phase if the winding is sinusqidally distributed. 

[Ans. L—0‘89 m, D~ 17 m, T V ^^>\A\ 

3. A 300wattd.e m itor has a f ill load efficiency of 6 J per cent. Calculate the power developed by 
the armiture at full load if the sum of iron, friction and windage losses is 1/3 of total losses. 

[Ans. 366 Wj 

4. The cooling co-cfficicnt for armature of a machine using, a particular type of construction is given by 

009 

e " 1+01 v a 

where V n is the rotor peripheral speed in metre per second Calculate the maximum allowable value of 
current density that can be used for he machine if the specific lo iding is 20,000 ampere conductors per metre, 
maximum allowable temperature rise is 40°C and the armature peripheral velocity is 20 metre per second. 
The resistivity of copper may be taken as 2 2 x 10 * Qm. 


""•appose t't.e machine is redesigned with a peripheral speed of 40 metre per second, calculate the new 
value o' current density that can be used for the machine [Ans. 3 03 A/mm*; 5‘05 A/i**n*] 

5. Prove from first principles that for a rotating machine o itput in volt ampere s*C n D*Ln. Show fully 
how and why the output co-efficient C., changes with si/' and typ; of machine, and show that in alt designs it 
approaches a fixed maximum value. 

6 r lnd the minimum permissible conductor area for a 1000 kW, 500 V. 8 pole. d.c. generator If the 
permissible cop-,-ter loss is not to exceed ^000 watt per m’ >f armature surface. The armature diameter is 21 m, 
and there are 760 lao connected armature conductors. Assume value of resistivity for copper conductors to 
be 2x 10“* ohrn metre. [Am. 48 mm*] 

\ Two a.c. generators having simitar proportions are designed to work with the same fiug densities 
and current densities and at the same speeds. The linear dimensions of one are x times those of the other. 
Calculate their relative outputs, the relative iron and corner losses, and the relative heating in loss dissipated 
per unit ares of coolin * surface. Are'the above conditions those used in practice ? 

[Ana, x* : i ; *»: 1; x : 1] 


8. Two a.c generators having similar proportions are designed to work at same speeds and same flux 
densities. The linear dimensions of one are x times tho e of the other. Assuming’the current density to 
vary as x -‘t*. calculate, for the machines, their relative outputs, their relative iron and cooper losses. 

[Am. •: 1; *•: 1; x* ": 1] 

9. A 50 kW, 800 rpm d.c. generator has full load efficiencv of 88 percent. Tf now another similar 
d.c. generator having two times the linear dimensions of 50 kW generator is built to work at 800 rpm 
find the output, losses and efficiencv pf the new generator. Assume that flux densities and current den¬ 
sities are the same for the two machines. 

[Am. 800 kW; 54*4 kW; 0-937] 

10. It has been established from test results that the ratio of total losses to outpt of large machine* 
vary approximately as D~ lft x" 1 ^ where D, n are respectively the diameter, and speed of the machine. Prove 
that ifthetemperatuie rise remains constant the output of a large machine varies as />*'• O* n. Assume 
coo’lng co-efficient cxV a ~ llt where V n is the peripheml sosed of rotor. The effective heat dissipating surface 
of the machine ia proportional to the geometric mean of the en p surfaces and the cylindrical surface of 
tbp rotor 
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11. A 40 h.p., 1000 rpm, d.c. motor has a specific electric loading of 30,000 ampere conductors per 
metre and a specific magnetic loadin ■ of 0 44 Wb/m*. Estimate the horse power of an 800 rpm, d c. motor 
which has a specific magnetic loading of 0 5 Wb/m’, a current density 10 per cent greater than that of the 
40 h.p. machine, and linear dimensions which are all, including those of slots, 20 per cent greater. Assume 
the two motors to h ;e the same efficiency. 

[Ans. 83 h p.] 

J2. Determine the maximum allowable core length for a d.c. machine which has the followin data. 

Maximum wap flux density at no load—0-54 Wb/m*, maximum gap flux density at full load—13 times 
no load value. Turns per coil— 1; Peripheral speed*=30 m,s. The maximum allowable voltage between 
adjacent segment at full load is 30 V. [Ans., 0 356 m] 

13. Determine the stator core dimensions for a 20 MVA. 3000 rpm 3 phase turbo-alternator, with 
the followin data : average gap flux density—0 5 Wb/m* ; ampere conductors per metre— 56000; permissible 
peripheral speed of rotor—150 m/s ; length of a«r gap—30 mm. Assume winding factor—0 955. 

[Ans. 0—1-015 m, L—1 32 m] 

14 A 20*hp., 440 volt, 4 pole, 50 Hz, 3 phase induction motor is built with a stator bore of 0 25 m 
and core len th of O'16 m. The specific electric loading is 23000 ampere conductors per metre. Find the 
specific magnetic loading of the machine. Assune full load efficiency of 84 percent and a power factor 
of 0-82. 

Using the data of the above machine determine the main dimensions for a 15 h.p , 460 volt. 6 pole, 
50 Hz motor. 

[Ans. 0 at ,-O-36 Wb/m*; 0-0 8 ro, Z,=0 125 m] 

15 The design data of two d.c. machines is tabulated below. The power developed bv armature of 
machine A is 650 kW. Find the power developed bv armature of machine B. Assume the current densities and 
slot space factors to be the same for the two machines. 


Machine 

Diameter 

0 

m 

Length 

L 

m 

Speed 

n 

rps 

Slots 

S 

Slot area 

At 

mm* 

2?a« 

Wb/m* 

A 

105 

0-37 

6-25 

111 

42x14 

0-64 

B 

0-55 

021 

7-5 

61 

38x12 

0 55 


[Ana. 120 kW] 


16. A 600 r.p.m., 50 Hz, 10,000 volt, 3 phase synchronous generator has the following design data. 

Specific magnetic loading—0 48 Wb/ n*; cirrent density —1-7 A/ram* ; slot space factor—0 35. numb r 
of alots—144 : slot size— 120 x 20 mm ; stator bore—I'92 m : stator core length—0-4 m 

[Am. 4000 kVA] 


/ 



















D.C. Machines 

91. Introduction and applications. D.C. machines can work as gener.'.turi. 
nn.»ror> uni L>.ike-<. In the generator mode, the machine is driven by a p ime mover with 
if if mechanical power converted into electrical power while in the motor mode, the m.chine 
hive., a mechanical load with the electrical power suppled convert< •! into mtch.tnical 
|> iwcr. In the broke mode, the machine (which functions as a motor before the application of 
braking action) works as a generator and the electrical power developed is cither pumped 
back to th • supply as in regenerative braking or is dissipated in the machine system as in 
dynamic braking. Hence, in the brake mode the machine decelerates on account of the power 
supplied or dissipated by it and, therefore, produces a mechanical braking action 

There arc almost no modern uses of d.c. machines as generators although in the 
earlier stages of electrical power generation and distribution, d.c. ner.itois were the 
principal means of supplying electrical power to industrial and dc.iodic consumers. 
Presently, all the land based electric power supply networks are a.c systems of generation, 
transmission and distribution. The almost universal use of a.c. systems is on account of 
their lower generation and transmission costs, higher efficiency (large hulk of a.c. powet can 
be transmitted and distributed over wide areas and long distances at much higher voltages 
that are impossible in d.c. systems), greater reliability on account of interconnection and 
control. 

The decline of d.c. generators as source of power supply in the electric utilization 
especially in the field of electric drives is due to the reasons discussed below : 

1. The d.c. motor is not used as extensively in industrial electric drives as it was used 
earlier. With the advent of variable voltage variable frequency static inverters, it has 
become feasible and economically viable to use a.c. electric motors over a wide speed rangai 
which was earlier the exclusive preview of dc. motors In faernt Is an accepted practice In 
industry to employ a.c. motors wherever their use is inherently suitable. Thus the decline 
of d.c. generator as a source is obvious. 

However, it should not be conveniently assumed that the d c motors are on their 
way out. On the other hand, there are many fields of application where the d.c. machines 
offer many distinct economic and technological advantages on account of thrir greater venia- 
lity viz. a.c. machines can he designed for wide ranges of voltage'/current or specd/tornue 
characteristics for both steady state as well as transient state conditions. But the d.c. 
supply needed to feed these motors is not obtained from rotating d.c. generators as earlier 
but is obtained from the output of static power rectifiers whose input is the existing a.c. 
power supply networks. 

No doubt, applications like aerocrafts, ships and road mounted vehicles which are 
isolated from land based a.c. networks employ tic. sources includi ng d.c. generators id 
secondary batteries for power supply but the modem trend is to use a.c. generaloff With 
the d.c. supply being obtained byfe cmk a tkm with the help of static power rectifiers. 

D.c. generators am power in small back up and 

standSy wmemting ^ windmills and mountain streams (m { ni hydro-electric 

nlants) to proride uninterrupted power supply. A.C. generators cannot be used with 

-^p m- iwwr' w .'irtru inHWHiK— * m mnnjj , *«•»«■«> ' ' '** ‘ ^ J " ’ ■ * hw "**Wi "mmrnoommm "WHW" •Iwinr.MMMM 
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these fluctuating and intermittent loads because they would produce a variable fre¬ 
quency output (on account of wide variations in the speed of prime ir.over) which are totally 
unacceptable. 

As apart from d.c. generators, the d.c. motors are finding increasing applications 
and that too in diverse fields. The principal applications of d.c. motors areas industrial 
drive motors, especially where large magnitude, and precisely controlled torque is required. 
Such motors are used in rolling mills, in overhead cranes and for traction purposes like in 
fork lift trucks, electric vehicles, and electric trains. They are also used in portable machine 
tools supplied from batteries, in automotive vehicles as starter motors, blower motors, and in 
many control applications as actuators and as speed and position" sensing devices. Some of 
the important applications of d.c motors are elaborated below : 

(f) Traction. The d.c. series motor is admirably suited to traction applications like 
inter-city and rapid transit trains on account of its high starting torque, matching torque speed 
characteristics, where the torque decreases at the speed increases and the ability of a 
number of series motors operating in parallel on one locomotive to draw current at any 
given speed varying from that of any other motor within very close limits. 

(•») Drives for process industry. The control of speed of d.c. motors can be exercised 
to dose limits with a high degree of precision. This aspect is particularly useful in process 
drives and mine winding machinery. 

\iii) Battery driven vehicles. The primary source of supply to road driven vehicles 
like fork trucks and delivery vans and even to passenger tr;.m cars is secondary battery. The 
battery drives chopper fed d.c. series motors. The use of battery diiven vehicles is on the 
increase 

\iv) Machine tools. D.C. machines find applications in drives for machine tools where 
a wide range of speed control with precision is desired. 

(td Appliances Battery driven miniature d-c. motors are used in shaving razors, tape 
recorders and cameras. 

{viY Automatic control. The. advent of automatic control has again brought the use.of 
d.c. machinet into limelight. Small motors designed with high energy permanent magnets, 
eocapsuLrd epoxy resin winding and electronic commutation are cheaper and highly reliable 
as compared with their a.c. counterparts. These machines together with power transistors 
ore used in feedback control systems. 

D.C servomotors are used in purely d.c. control systems. 

D.C stepper motors are employed in applications where digital control is desired. 

' 9 2. Classification. The d.c. commutator motor is a very versatile device and h 
built in wide range of sizes, from small control devices in the mW power rating up to very 
large motors of MW rating used in rolling mill applications. The d c. motors maybe 
according to applications as under : 

(i) Industrial motors. Large motors used in rolling mills, cranes, mach i^ 
tools and industrial drives of ratings upto a few kW are classified as industrial motors. Modern 
industrial motors are usually supplied by rectifiers working on a.c. mains. 

(is) Small motors. Motors used in domestic gadgets, hand tools and the motors 

for starting automobiles are daniflsd as —qll motors. 

(Hi) Traction motors. Them motors are used in locomotives, multiple unit trains 
and battery driven road vehicles. 

(*f) Miniature motors. Them motors have a power rating of a few watts and ore 
used for intermittent duty in applications which do not require precision control. 
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(*) Contral motor*. These motors are used for servo applications in both open loop 
and closed loop control schemes. 

(*•) Special mo to r *. This classification of motors includes motors which have 
special applications Hke use as, actuators, eddy current brakes or special design features like 
linear motion, {Hinted circuited machines and machines with superconducting field windings. 

The d.c. machines may be either hamopolar or heteropolar in construction. There 
may be an excitation system provided fay permanent magnets or electromagnets. Tf ?*«* homo* 
polar machines are used only for special applications while permanent magnet motors are 
primarily used in control applications. These machines are not used in industrial electric 
drives. The present text is devoted to design of d.c. machines used for industrial appli¬ 
cations and, therefore, d.c. machine* referred herein are heteropolar machines with excitation 
provided by electromagnets. 

M. Gonotructfunal detail*. The dx. commutator machines used for industrial 
applications have essentially three major parts: 

(») field system, (tf) armature and (<tf) commutator. 

The field eystem is located on the stationary part of the machine called «(<s(or. The 
field system is designated for Producing magnetic flux and, therefore, provides the 
necessary excitation for operation 01 machine. The stator of a d.c. machine comprises of: 

(») Jfots poU*. These ptde* am designed to produce the main magnetic flux. 

' *’ (ii) Intorpolu. These poles am placed in between the main poles and are designed 
to improve commutation conditions to ensure sparkiest operation of machine. Intcrpoles are 
• not used in very sm*ll machines as these machine* am not prone to commutation problems. 

((tf) Frame. This provides support for the machine. In many machines the frame 
is also a part of the magnetic circuit. 

The armature it the rotating part (rotor) of a d.c. machine where the process of 
electromechanical energy conversion takes place. The armature is a cylindrical body 
which rotates between the magnetic poles. The armature and the field system are separated 
from each other by an air gap. The armature consists of (() armature core with slots and (tf) 
armature winding accommodated in slots. 

The commutator is mounted on fin rotor of a d.c. machine and it performs with the 
help of brushes a mechanical rectifieatfa&of potyar: from a.c. to d.c. in case of generators and 
d.c. to a.c. in case of motors. 

9*4. fltatar. The stator of n d.c. machine consists of a frame or yoke, and poles which 
suppoit the field windings. The frame or yob* in addition to being-Ji part of the 
circuit serves as a mech anical m ppoiet fog t frf entire assembly. „ Earlier, cast iron was used 
' for file constracdbhdf yokrbut trushtan reptaeei try cast steel. This is because cast- iron 
has a saturation density of 0*8 Wb/m* while saturation occurs in cast steel at a density of 
approximately 1*5 Wb/m^aad therefore, exit steel can be worked at a density which is 
twice that in foe case of cast iron. Thus, the cross-secdon of die cast steel frame or 
yoke is half foot of east Iron and he*oc cast stsei is madia case it is desired to reduce, the 
weight of machine. Another disadvantage ef east iron is that its mechanical and magnetic 
prop ert i es are uncertain on a mao t mi of go—me of blow holts In the castings. 

Fabricated staei yokes am smtataotly mod a* they are economical (due tb absence of 
pottain costs as in thecas* of con him and oast met} and have consistent magnetic and 
tatafowtofi ptyrtta . Fir vwr* mNldmd morhfmo it may stfll be advantageous to use 
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However, all modern motors which are fed from static power converters with fluctuat¬ 
ing power supplies and harmonic currents, laminated 
lilicon steel yokes are used. 


9*4*1. Poles. The poles were formerly cast 
integral with the yoke. This practice ll still being 
followed for small machines. _ But in present day 
machines it is universal practice to use completely 
laminated poles. However, in some machines 
laminated pole shoes attached to solid steel pd** 
are used. The laminations of a completely lami¬ 
nated pole have rivet holes for the assembly of poles. 

The laminations are assembled on steel rods and 
the whole assembly is then pressed between thick 
steel end plates The rods are riveted and the rivet 
heads are spot welded Fig. 9 1 shows a pole lami¬ 
nation. The pole laminations are 0'4--05 mm 
thick. The advantage of a completely laminated pole 
construction is the economy which is achieved when 
it is desired to use the same frame aim to obtain a range of ratings. This is elabjrated below : 



Fig. 91 Pole lamination. 


The output of a d.c. machine is proportional to product D l L where D is the diameter 
of armature and L is the length of core. Therefore, it is possible to design a range of d c. 
machines having different ratings using eba same frame size (same diameter of lamination^ 
but with ditferent core lengths. A laminated construction lends itself admirably to com¬ 
mercial designs, where it becomes necessary to oonnufacture a >ange of machines with a 
single frame with different core lengths. This construction makes it very convenient to 
take different outputs from the same frame with a proce ss of simply stackings together diffe¬ 
rent lengths of cores built with laminations unlike in the case of cast field construction where 
different patterns are required for different core lengths. 

Different methods are used for attaching poles to the yoke. In case of smaller sizi >, 
the back of the pole is drilled and tapped to receive the pole bolts (Fig. 9*2). In larger 
sues, a circular nr a rectangular pole bar Is fitted to the 
pole. This pole bar is drilled and tapped and the pole bolts 
passing through laminations screw into the tapped bar 
(Fig. 

In the case of machines with solid poles, the poles 
are made from solid steel forgings. These are then bolted 
to the yoke. With such poles, separate pole shoes are 
necessary. These pole shoes are built up of sheet steel 
1aminati< ..s lightly insulated from «ach other la order to 
reduce the pulsation losses in the pole faces. The lamina¬ 
tions arc securely held' together by steel rivets, and the 
whole -foe is fixed to the pole body by means of counter 
sunk «rvws In case of machines having compensating 
windings, the pole face is slotted to accommodate the windings. 

9*41. Interpoles. The interpoles am made from laminated steel or from low 
carbon steel. Laminated interpoles arc used to machines with severe commutation 
problems. In small machine! it Is usual to use solid low carbon steel poles. Interpoles 
may be parallel sided or tapered. In Urge machines, tapered interpoles are used hi order 
to ensure that there is no saturation at dte mot of the pole at heavy overloads. 



Fig. 9*2. Fixing 
to yoke. 
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9 4’3. Main field wiadiag. The ahunt field coils of d.c. machine are wound 
with round copper wire for small and medium, cise machines. But for large siae machines 
rectangular conductors are used and these conductors are wound on a rectangular former. 

Fig. 9"1 shows a shunt field coil. The series coils maybe plac'd on the top of the 
shunt coils or they can be arranged as a separate winding. 



Fig. 9*3. Pole and field coil Fig. 9*4. Eocapsulcd field coils, 

of a d.c. machine. 

In modern electrical motors, the shunt and the series field coils are insulated from 
earth by silicon varnish bonded mica splittings wound half lap on a glass backing. In 
another arrangement enamelled conductors are used. These conductors are encapsuled in an 
epoxy resin moulding and fixed to the pole In the same operation This arrangement It 
shown in Fig. 9'4 

The series field coil is placed below the ahunt field because the former has a higher 
mechanical strength on account of larger crow section of conductors. 

9-4 4. Interpole wiadiag. The in¬ 
terpole winding may consist of round or square 
wire in the case of small machines. 

In large machines, the coils are edge 
wound from flat copper strip in one or two 
layers. 

Modern machines use epoxide resin 
through bonded coils with recoiutituted mica 
for main insulation. The assembly of this 
type of coil is shown in Fig. 9*5. 

9.5. Armature. The armature of 
dx- machines is built up of thin laminations 
of low loss silicon steel. The laminations are 
usually 0’4 to 0*5 mm thick. 

In small machines, the armature laminations are fitted directly on to the shaft and are 
damped tightly between end flan§@* which also act as supports for the armature winding. 
One end flange rests against a shoulder on the shaft* the laminations are fitted and nthei 
end flange is pressed on the shaft and is retained by akey (Fig- 9*6). 


Field 
coil - 


I 

*- 1 


- Core 


-Res.r» bond 
to pole 


Fit- 9*5. Interpole field coil and pole assem¬ 
blies (through-bonded class t* insulation) 
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Except in sm ill sizjs, th f core is divided into number of packets by radial ventilation 
spacers. These spacers are usually 1 sections welded to thick steel laminations and arrang* 
ed to pass centrally down each tooth. 




Fig. 9 6. Armature core clamping. Fig. y/. Armature lamination. 

With small machines, the laminations are punched in one piece (Fig. 97). These 
laminations are built up directly on the shaft. With such an arrangement, it is necessary 
to provide axial ventdaiion holes so that air can pass into ventilating ducts. 

Medium size machines having more than four poles have their armature laminations 
built up on a spider. The spider may be cast or fabricuMd. Laminations upto a diameter 
of about J m are punched in one piece and are directly keyed on to the spider. Fig. 9*b 
•hows such a construction with a cast spider. 

In large machines it is not possible to punch the laminations in one piece, and it be- 
noznes economical to punch the laminations in segments. Fig. 9 8 shows a segmental 
iminatioa- In su h cases the spider arms have dovetailed grooves, the laminations have also 
. Imilar grooves and keys are used to attach the segments to the spider j n ot her eases, the 
segments ha*** dovetaiU which fit into spider dovetail grooves (Fig. 9 9) 




Fig. 9 9. Fixing armature core to qrider. 


9*5 1. Armature winding. U tLc. machines two layer winding with diamond 
shaped coils is used. The coils which are preformed-and insulated have one coil side at the 
bottom of a slot and the other at the top of a slot approximately one pole pitch away as shown 
in Fig. 9*10. 


In large machines there is. only One tom per coil and the conductors am of 
rectangular strip wound on edge as shown in Fig. 9*21. However, in Hnaflm machiae i. 
multi turn coils having conductors of round crtm-section ate used. * 
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Fig. 9'10. Position of armature 
coils in slots. 


Fig. 9*11. Preformed single turn con 
(six coil sides per slot). 


- Armature 
coils 


' *-* 

In small machines, the coils are held in position by bands of steel.wire wound u nd er 
tension along the core. But in large machines. 

it is useful to employ wedge of fibre or rBnnH .„. 

wood to hold the coils in place in the slots. f 9 JeSntSK 

Wire bands are employed for holding the —H _L-- 

overhang as shown in Fig. y. 12. 1___ 

_ | -Armature 

However, with the increasing use of E 5SS S1 j coils 

continuous fibre glass banding in present day -^ '//. *v 

machine armatures, the necessity for banding ^Z/ '/ __n 

insulation is now decreasing, but where steel ^// < p 

wire is used, the banding over the armature /// ^ €» Equali 7 tr 

overhang is insulated from the windings by /// / '^T, r 'ngs 

flexible micanite and asbestos layers enclosed in 

a woven glass cloth hood bound down with im* '/’/ 

. regnated woven glass tape. I V/a 


Equal i7tr 
rings 


The equalizer connections are located Fig. 9*12. Ring typo equalizers, 

under the overhang on the side of the 

. l ig - ? I2s , h ' >Wia { y jical arrangement for equalizers. The equalizers can 1 m 
accommodated on the other end ol the armature also. 

ind Th '' f,m ' tion of the commutator is to rectify the alternating cur- 

,n f lf ' " ictors. It is cylindrically shaped and is placed at one 



Fig. 9*13, C o mmutato r segment. 

of the armature. The essentials of the construction are a number of copper ban or senaam 
separated from one another by a suitable insulating material and connected to the armaM 
c«jaductot». The connection of armature condu c to rs to the commutator is marie with the 
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help of risers. The risers cam. cling the segments to the armature coils are made of 
copp r >tip: for large machines. Before assembling the segments, these strips are reveted and 
so'd'Ted into the saw cuts made into the segments. The outer end of the riser i> shaped so 
a: to firm a clip into which the armature conductors are soldered. 


For small commutators a lug is provided, to 
form a part of the segment, and the armature con¬ 
ductors are soldered directly into the lug. Separate 
riser# ar< therefore not necessary in small machines. 
The segments are normally wedge shaped (Fig. 913) 
so that the construction forms a circular assembly. 
1 he assembly ol copper segments ■’ether with the 
insulation between them is insulatt from and held 
together by steel clamping rings. Fig. 9 14 shows the 
assembly of a typical commutator for a d.c. machine. 

Satisfactory performance of d.c. machines is 
dependent under good mechanical stability of the 
commutator under all conditions of speed and 
temperature within the operating range. A mechanically 
unstable commutator manifests itself in a poor com¬ 
mutation performance and results in unsatisfactory 
brush life as well as necessitating frequent machining 
of commutator to restore the cylindrical surface. 



H|. 9' 4. Commutator assembly. 


'1 »ie iiMteii.il used for commutator segments for earlier machines was hard dra\yn 
copper. 1 he modern d c. machines used commutator segments made from silvered copper. 
Th segmi nts ate of extruu.il copper containing about 0 05% silver. The advantage of 
using silvered copper over hard drawn copper is that it can withstand the flood soldering of 
the arm ttare coil ends to the risers at o00°G. 

The separators used for insulating the commutator segments from each other.should 
possess consistent mechanical properties because good commutation is dependent on accurate 
bar-io-bai spacing which in turn is dependent upon consistency of thickness o( spacers. 
In earlier machines, thin sheets of mica or micanite, usually 0‘8 mm thick were used to 
separators. Modern mar hints using class B insulation employ separators made irom shellac 
bomit d mic.umo. Machines using cla-s ff insulation use melamine resin bonded asbestos 
paper laminate separator, because of better thermal stability. 

The segments with separators are. clamped between two steel V-rings insulated from 
th*’ segments bv high quality micanite consisting of mica splittings bonded with shellac and 
with no p.ipei envt ring. In recent years, use of micanite V rings has given way to the use 
of np.ttty-gl.us V rings 

9'7. Brush gear. The brush gear is an assembly which is used for commutation. 
It consists of a «h of brmh holders (usually equal to the number of poles) which are fastened 
together and bolted to a yoke of strong insulating material. The brush holders are fitted 
with brush*s of suitable grade and hardness. 

9 7 1. Brush holder#. A brush holder is essentially a metal box, insulated from 
the frame and rigidly mounted close to the commutator surface. Fig. 9.15 shows a box type 
brush-holder. An arm a clamped to the brush spindle. At the outer end of the arm, a brush 
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box, open at top and bottom, is attached. The 
brush must be able to slide in the box and to be 
pressed against the commutator surface by a stain¬ 
less steel or phosphor bronz: spring. The pressure can 
be adjusted by a lever arrangement provided wuh 
the spring The brush is connected to a flexible con¬ 
ductor calle'I pig tail. The flexible conductor may hr 
attached to the brush by a screw or may be 
soldered. 

The brush boxes are usually made of biorze 
casting or sheet orass. In low voltage d c machines 
where the commutation conditions are easy, galvani¬ 
ze I steel boxes may be used. 

Some manufacturers use individual brush holders while others use multiple holders 
ie. a number of single box's built up into one long assembly. 

9*7*2. Brash rocker*. Brush holders are fix.d to brush rockers with bolts. The 
brush rocker is arranged concentrically round the commutator. Cast iron is usually used 
for brush rockers. 

9*7*3. Brashes The brushes used for d.c. machines are divided into four classes. 

(i) Natural Graphite (is) Hard Carbon 

(Hi) Electrographitic (tv) Metal Graphite. 

1. Natural Graphite. When used with non-conducting resin binder, natural graphite 
gives a high voltage drop which help? the commutation process. Therefore, brushes made of 
natural graohite are used in small machines which do not employ interpoles. Natural 
graphite brushes have a good lubricating effect at high speeds and therefore a low noise level. 
However, they are fragile and cause excessive wear of commutator. 

2. Hard Carbon. The brushes made from hard carbon arc hard but are cheap. 
The rate of wear caused by them is the s >me both for the segments and the insulating sepa¬ 
rators placed between them. Hence, these bru h s find extensive application in small 
machines of fractional kilowatt ratings and also in larger riow speed machines with compa* 
ratively easy commutation conditions. 

3. Electrographitic. Electrographitic brushes ar; widely used in industrial 
machines. They have a low rate of we tr and therefore extensively used in traction ~ 
applications. 

4. Metal Graphite. The advantages of metal graphite brushes are : 

(4) They have a low contact voltage drop and (ii) they can be used for high values of 
current density. Therefore metal graphite brushes are suitable for low voltage high current 
machines such as battery vehicle motors and automobile starters. 

9*7*4. Methodo of applying brashes to commutators There are three common 
methods of arriving brushes to the commutator : 

(4) radial <**) trailing (its) reaction. 

Radial. In most of the d.c. machines, the brushes are set so that their centre 
line is radial to the commutator [Fig. 9*16 («)]. This means that operation of the machino 
in both the directions is similar. In radial brush arrangement, the frictional force opera¬ 
ting in the direction of rotation tends to cause a tilting action which might result in side 
wear of the brush. Therefore to prevent this, the brushes should be close fitting in a very 
deep brush box. Thus it is difficult to obtain stability with radial brushes especially in high 
speed machines. 
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Fig. 9 15. Box type 
brush assembly. 
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I.i '; ve rsing machines the brushes are inclined an J for this purpose the brush box 
i' ii.v ’ **: a trailing or a reaction rake. 



l«) 

Radial 


( 6 ) 

Trailing 


(c) 

Reaction 


Fig. 9* 16. Positioning of brushes. 


Trailing. The brushes are inclined in a trailing direction as shown in Fig. 916 (b), 
i tic angle inclination to vertical is 10-15*. The advantage is that the spring, friction and 
tadial forces in the trailing box combine to maintain contact of the brush with the left hand 
face of the box, giving rise to good stability. But this results in increased frictional resistance 
to the sliding of the brush because of commutator surface irregularities. 

Reaction. The brushes are inclined in the leading direction as shown in Fig. 9' 16(c). 
The brushes slide more easily in the reaction box. The right band side of the brush is in 
contact, with the box, however there is an apposing frictional force. The angle of inclination 
to vertical is kept 30*—40° in order to maintain the side pressure. When narrow brushes are 
employed the reaction type is preferred. 

As stated earlier, radial boxes ase used in reversible machines as the stability condi¬ 
tions are not affected. However, there is a tendency of the brush to lie diagonally and this 
tendency is countered i>y using brushes of greater height placed in close fitting boxes. Brush 
holders inclined at 15—20® to vertical jgdth trailing in one direction and reaction in the 
other have been found to be useful. 

9'7*5. sXggering of brushes. In order to prevent formation of ridges on the 
commutator surface (also c died grooving of commutator), due to all brushes following the 
same track, the bru.hes are staggered ».«. set in slightly different axial positions as shown in 
Fig- 9'. 7. Each set of positive brushes is staggered in the 
axial direction with relation to the previous set of positive 
brushes, and the negative brushes are also similarly 
arranged. Each track or part on the commutator 
surface is swept past by the same number of positive 
brushes and negative brushes resulting in unifoim wear of 
the commutator with consequent absence of ridges. 

9 S. Frame*. Fig. 9* 18 shows two typical frame 
tiam. The frame of a low power machine is shown in 
(a) while that for a medium power machine is 
shown in (&)- The frame contains the entire field 
system, provides bearings for the armature in end 


CZDCZJCZ] CD CD - 

CD cd cd cm cm - 


H|. 9*17. Axial staggering. 
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coven and accommodates feet or base plate, , 

I ifting lugs and cable entry. The frames shown 
are for screen protected machines which provide 
inlet and outlet for the air for ventilation. 

Small rating machines employ roller bear¬ 
ings at both the ends. For larger machines roller 
bearings are used at the driving end and ball 
bearings are used at the non-driving end., I 
should be mentioned here that the commutator is 
placed at the non-driving end. 

A tachometer generator is usually pro. 
vided at the non-driving of the motor for the 
purposes of indication and control of speed. 

Fig. *•!!, Frames for d c. aasMam 

9 9, Goestnctlsul features of meters fed from static esavsitsts. The 

d.c. machines being manufactured are mainly d.c. motors and ate meant hr in dust r ia l 
applications. As explained earlier, these motors are used in control systems for indmtrial 
processes. Many industrial processes require the motor to be operated over a wide speed 
range. The speed of a d.c. motor can be varied by : 

($) armature control which requires varying the armature voltage ; 

(*») field control which requires variation of voltage across the field circuit to control 
thft field current which in turn controls the flux. 

The speed of the motors for industrial applications can thus be controlled by either 
c vnging the voltage across the armature or the voltage across the field circuit or both. 

The motor; used in industrial applications are cither shunt or compound type. In 
shunt motors the armature and Arid circuits are separately connected. The speed of th 
motor is preferably controlled through armature control (if it is within normal limits) anc 
if wider range of speed control is required, it can be augmented (if th*- speed i» desired to 
be increased beyond normal) through field control. The majority of it»e present day d.c. 
motors are fed r 'OH single phase or three phase bridge rectile-ra winch um ihvristors (SCRv 
silicon controlled rectifies). The field and the armature are fed from ^*p.oat« n etdi 'r 
circuits and therefore the motors are designed for different vniug* lor f>* i ; <ml uimauiu* 
circuits. In case only armature control is used, controlled lectilw bn nrcuits are m.,*d 
for the armature while a uncontrolled rectifier circuit (using diodes in pl.o < -*t owj 

be used for the field circuit. However, if the speed control is ex**n-i«-d th gh U h tht 
armature and the field circuit, then controlled rectifiers circuits using SORs •>>< employed 
for both the circuita. 

The output voltage from the rectifier bridge circuits using SCRs ts not pure d.c. but 
contains ripples. Consequently, the armature curient also has a substantial ripole content. 
Also many a times the motor draws a current which is discontinuous in nature. The follow^ 
tng problems arise in d.c. motors which are fed from thyristor bridge circuits : 

1. Increased I a R loosen. The I*R losses in a winding are proportional to the 
square of the form factor of the current. The form factor of pure d.c. is unity while the 
form factor of the pulsating armature current is greater than unity. Hence, the 1*R losses in 
the armature windings, led from rectifiers using SCRs are much higher than when fed from 
d.c. generators whose output voltage is almost free from ripples. 

2. I nc r eas e d core losses. The substantial ripple content in the armature current 
distorts the flux field form resulting in increased eddy current core losses in armature, inter* 
poles and yoke. 

The increase in losses in the armature winding and in the magnetic circuit 
cause increased heating. Therefore, motors designed to be fed from d.c. generator base to 
be de-rated when fed from static power rectifiers using SCRs. 
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3. Poor commutation. The fluctuating armature current impairs the com.iuuU< 
Hon conditions in the motor became of the following reasons : 

(*) The value of the current to be commutated is the peak value of the armature 
current and'hence there is an increase in the reactance vokage which in turn causes delayed 
commutation. 

(it) Til; ftux produced by the interpoles is used for neutralizing the flux produced by 
the armature current and in addition produce a rotational voltage in the coil undergoing 
commutation which neutralize? the reactance voltage!” The complete neutralization ofooth 
armature reaction and reactance voltage is eisential for good commutation in the machine. 
Now, the interpole flux, armature reaction and reactance voltage are proportional to arma* 
ture current and for effective neutralization the variations in interpole flux must be in 
synchronism with variations in armature reaction and reactance voltage. But interpolar 
flux produces eddy currents which cause it to be displaced with respect to armature current 
and therefore the interpole flux is no longer in synchronism with armature reaction and 
reactance voltage. Hence, the reactance voltage cannot be wholly neutralized. This results 
in increased sparking. 

4. Change in motor parameters. The fluctuating armature current causes a 
wide variation in the value of armature resistance and inductance thereby rendering the 
performance ol the motor unpredicubie. The value of armature resistance changes because 
of(i) heating —the increased heating in the motor increases the resistance of the armature 
winding. The heating and consequently value of armature resistance depend upon the 
armature current waveform and (it) skin tjfeet—the increase in armature resistance caused 
by skin effect is unpredictible. 

The increase in the value of armature resistance depends upon magnitude and order 
of harmonics in the armature current. The waveform of armature current is quite complex 
and is dependent upon many factors and therefore, it is almost impossible to predict the 
value of armature resistance undbr the actual operating conditions. 

The value of armature inductance is dependent upon the degree of saturation in the 
motor which in turn depends upon the waveform of armature current and therefore, it is not 
possible to predict its value. 

Some of the effects of problems associated with motors fed from rectifiers using SCRs 
'an be minimized by using the following special design techniques for these motors : 

(<) The effect of heating produced by increased I*R and core losses can be taken 
care of by providing better ventilation. 

(si) An inductor is included in series with the motor circuit. The series inductor 
IHps to smoothen the armature current thereby improving its waveform by bringing it nearer 
to pure d.c. 

(•is) The core losses can be reduced by laminating the poles, yoke and the interpoles 
in older to reduce eddy current losses. The additional advantage of having a motor with a 
completely laminated structure is that it results in reduction of the time constant of the 
windings. The time constant Now, by using a laminated magnetic circuit, the 

value of effective resistance of windings, R, decreases on account of decrease in eddy current 
losses and therefore, time constant, t, decreases. The dynamic response of motors used for 
present day applications is very important. The lower i$ the time constant, the faster is the 
response. Therefore, motors used for control purposes and also involving rapid changes in 
load should be designed for a small time constant. This certainly requires a completely 
laminated armature and field structure. The improvement in lime constant by utilizing a 
completely laminated magnetic structure can be visualised from that a motor with a solid 
magnetic structure has a time constant of 0*5 s or more while thatof motor with a laminated 
structure varies between 0*005 s to 0*05 s depending upon the thickness of lamin a t ions used, 
lilt lower the thickness of laminati<MS, , th«i lo wer , t hB i< m s s mart tut . 
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(»©) The improvement in the commutation conditions ot a motor designed for static 
power rectifiers can be brought about by using a motor with an inherent lower reactance 
voltage. The reactance voltage can be written as: 

Er^LTt/ie where L is the armature inductance, h is the armature current per 
parallel path and *« is the time of commutation. 

The reactance voltage is directly proportional to armature inductance and also to 
armature current and inversely proportional to time of commutation. 1 he aimature current 
per parallel path is dependent upon the loading conditions of motor over which the designer 
has no control. The designer certainly has a control over the other two factors: armature 
inductance and time of commutation. 

The armature inductance can be decreased by decreasing the number of armature 
conductors. This requires a viry high value of dux density and this tlux density eauii <t be 
increased beyond a certain limit. Therefore, a certain minimum n urn in r of tutus has to be 
used. The inductance and hence the reactance voltage of the cod undergoing commutation 
can be reduced if the number of turns in the coil is small. (This is because the inductance 
of a coil is proportional to the square of number of turns in it). Thus given an armature 
with a specified number of turns, the obvious solution to reduce the reactance voltage is to 
decrease the number of turns per coil. Therefore, the nunibei of roils u ed in a motor fed 
rectifiers employing SCRs has to be more than that in a motor led irom a ■uu iv supplying 
pure d.c. However, since the number of coils is equal to the until Ik « I commutator »» g. 
merits, a motor designed to be fed from static power rectifiers ha. a lommutator of much 
gro iter diam der than that of a motor fed from a d.c. generator. However, the larger dia* 
tn 't *r ir»f th» commutator results in greater inertia of the moving parts iacrcadng the time 
constant of the machine. Therefore, the resulting machine has a poor transient response. 

DESIGN 

9'10. Output Equation. The output equation of a d.c. machine ir derived in Art. 
81.5. page <*55. 

Power developed by armature Pa**C*D*bn kW ...(9*1) 

where output co-efficient ae X 10~* ...(9*2) 

Sometimes* the value of maximum gap density B$ is specified instead of the value f 
average gap density Bat. The expression for <7* has to be modified in that case. 

Maximum gap density Bi<~Ba*/KfGtBmfty. 

where JT/=* field form factor and i|»*ratio of pole arc to pole pitch. 

Rewriting expression for output co-efficient 

C , 0 =k*4 i JB# oeX10”* -.(9*3) 

Power developed by the armature, Pa, is different ft »m the rat A power output P, of 
the machine. The relationships between the two are 

P***P/H for generator and P««=P for motors 

where efficiency of the machines. (See Eqns. 8*12 and 813) 

9*10*1. Choice of average gap density. Some of the factors affecting the choice 
of average fl ix in the air gap in rotating electrical machines have already been discussed in 
Art 8*1*7 page 458. Some*factow which are specifically relevant to d.c. machines are discussed 
below t 

({) Flax deatlty la teeth. If a high value of flux d unity is animd for the air 
gap, the ’flu* density in armature teeth also becomu high. Tna value of the air 
gap demitytynuld bi so chosen that the flit density-at th? root of the.teeth (jrhere the 
to >th section h minima n) d is* not exceed a value as otherwise the m@f 

req sired for th; teeth vmli boeo q; excessively largs Which would mean that the field mtaf 
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will have to be made large which in turn results in higher field copper loss and higher cost 
of copper The iron losses in the te jth are determined by the flux density and consequently 
they would increase if a higher flux density is used in the teeth. 

(it) Frequency. When the machine rotates, the armature magnetic circuit alter¬ 
nately comes under the influence of north and south pedes. The frequency of reversals is 
/*»pn/2. If the frequency of reversals is high, iron losses in armature core and teeth 
would be high. Therefore we should not use a high value of flux density in the air gap of 
machines which have a high frequency. 

(iii) Slae of machine. It is possible to use increased values of flux density as the 
sixe of the machine increases. As the diameter 1) of the machine increases, the width of 
the tooth also increases, permitting a increased value of gap flux density without causing 
saturation in the machine. The values of gap flux density f for different armature 
diameters are as plotted shown in Fig. 919. 



Fig. 9*19. Typical values for specific magnetic loading. 

The value of B? varies between 0‘55 to 1.15 Wb/m a and the corresponding 
values of JR* are 0 4 to 0'8 Wb/m*.. 

Table 9i should be consulted for values of B». 


Table 91 

Approximate Valves of B, 


Patter 

Wbfcn* 

°T 

Wb/m* 

5 

0*58 

900 

092 

M 

0*65 

1000 

096 

50 

0*7* 

2000 

091 

too 

0*82 

9000 

1*08 

200 

0*17 

ioooo 

1*15 
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9‘10‘2. Choice of ampere conductors per metre. The choice of specific electric 
loading has been discussed in Art. 8.18 page 460. 

(i) Temperature rise. A higher value of W results in a high temperature rise of 
windings. A high value * ae' can be used for machines using insulating materials which can 
withstand high temperature rises. For example in machines using class f insulation which 
can withstand a temp:raturc of 155°C, the value of ac can be approximately 4U% higher 
than that used in machines designed for class A insulation which can withstand a tempera¬ 
ture of only 105°C. The type of enclosure used and cooling techniques employed determine the 
temperature rise in a machine and, therefore the choice of value for ae A totally machine 
has poor ventilation as compared with that of a semi-enclosed machine. Therefore, it is 
possible to use a higher of ae ir. a semi-closed machine as compared to that in a totally en¬ 
closed machine. 

(is) Speed of machine If the speed of machine is high, the ventilation of the 
machine is better and therefore, greater losses can be dissipated. Thus a higher value of 
ae (which would mean higher PR losses) can be used for machine having high speed. 

(Hi) Voltage. In high voltage machines, larger space is required for insulation and 
therefore there is less space for conductors. This means that in high voltage machines, the 
space left for conductors is less and therefore we should use a small value of ampere conduc- 
tors per metre. 

(fv) Size of machine. In huge size machines it is easier to find space for accom¬ 
modating conductors. In fact, for a given geometry of armature core, the slot area which 
can be provided to accommodate armature windings is proportional to the square of armature 
diameter s.e. to D*. Therefore, for a given current density in armature conductors, the 
current is proportional to D* and the specific electric loading, ae, to D. Therefore the 
greater the diameter of machine the greater is the value of ae which can be employee 
in it. 

However, the relationship between ae and D cannot kept linear because the tempera> 
ture rise increases with increase of linear dimensions requiring a more elaborate 
cooling system to keep down the temperature rise. Therefore, it is expected that the value 
of ae increases with increase in armature diameter though the relationship is not linear. 
Fig. 9'20 shows the variation of ac with armature diameter D. The rate of increase ot ac 
with diameter D becomes smaller as diameter increases on account of increasing temperature 
rise due to decreasing heat dissipation capability. 



Ffe.9'20. Typical valawofspedfio electricloatkg. 
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There is another contributing factor for the decreased rate of increase in ae with in- 
crease in liameter. We started with the assumption that the conductors area is n proportional 
, to Ifi. This a^sum-’s that both the width and the depth ^of slot increase linearly with dia¬ 
meter D. This is true of width of slot which c m be mad$to vary linearly with diameter D. 
H>wever, the slot depth cannot be mad) to vary lin-*arly£ftvith D because an excessively deep 
slot, greatly increase i th) leakage re ictmce giving rise t# high reactance voltage which has 
a deleterious effect on commutation conditions. 

Therefore, specific electric loading is not proportional to D 1 because the slot depth 
cannot b) increased b)yo;ui a certain value, the maximum value boing limited by the slot 
leakage and the consequent reactance voltage the fact the slot depth is of the order of 30 mm 
both for a machine with D=*2 5 m and for a standard armature with Z)**0'25 in. However, 
specific elactric loading can be increased with increase in lineal dimensions. This is b< cause 
with michines dcsigne I with in* reaseil dimensions it is possible tn use wider slots (giving a 
lower slot p.vm'anee) on account of reduced taper wituoat increasing th 1 ; flux density in 
teeth. 


(») Armature reaction. If we ire a high value of ae, the armature mrnf becomes 
high or in other woids the armature becum* s magnetically stronger. This means that under 
1 >ad conditions th»re will be greater distortion of field torm resulting in a large reduction in 
the value of flux. In order to pt event this, the field will have to be made stronger, There- 
fore the mrnf required for ilu- field will have to be increased in order to prevent decrease in 
flux. This means that the cost of conductors used in the machine would go up. 

(«j) Commutation. The armature ampere conductors per metre oe=/» Z/nD. Now 
a machine designed with a high value of ac will have either a large number of arinatuie 
conductors, Z, or a small armature diameter D. 

The machine designed with a large number of coils will naturally have a large number 
of turns in each coil (the number of armature coils cannot be increased beyond certain 
value, the limitation being imposed by the thickness of commutator segments). Now, the 
inductance of the coils is proportional to the square of the number of turns. Ther. fore, 
the use of high value of ae results in coils haying high inductance. 

Let us look at the second alternative to use an armature with a small diameter. When 
the diameter is small, it is not possible to use wide slots because otherwise the space left for 
teeth will become smaller giving rise to high flux density in them. The only way to accom¬ 
modate the conductors is to use deeper slots. But the use of deeper slots increases the 
inductance of armature. 

Thus, it Is dear that the use of increased value of specific electric loading (resulting 
from the use of either large number of armature conductors or small diameter) increases the 
inductance of armature coils. The reactance voltage in coils undergoing commutation is 
directly proportional to the inductance. Thus, reactance'voltage Is high In care a hi gh 
value of ae is used. The reactance voltage delays the comtnutation anff^fTrerelbre a L tgh 
value ofae worsens the commutation conditions in the machine. Hence from the point of 
new of commutation *a small Value of ae is desirable. The value of ae usually lies between 
15,000 to 50,000 ampereconductors p a r Tmetre. Typical values of ae used for machines 
having class A insulation*are given in Tabled'2. 
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Table 9 2. Approximate values of ‘ac 

(ampere conductors per metre) 


Output kW 

ac 

Output kW 

ac 

5 

15000 

500 

35000 

10 

17500 

1000 

40000 

50 

25000 

2000 

| 

43000 

1 

100 

27500 

5000 

49500 

200 

1 

I 

31000 

1 

1 

10000 

51000 


The values given in fable 9*2 can be increased by approximately 40% in case class F 
insulation is used. 

9* 11 Interdependence of specific magnetic and electric loadings The output of 
n d.c. machine is proportional to the product of their specific magnetic and electrical loadings 
i.e. Pa * (tfo*Xoc) The same power output can be obtained by using a high value of Bm 
and a low \alue of ac or vice versa. For a particular output, the values of specific magnetic 
and electric loadings are interdependent i.e. if the value of one is chosen higher, the value 
of other has to be assumed lower. 

The specific magnetic loading is limited by the saturation in the magnetic circuit. 
The air gap density. Bn, can be increased only if sufficient area is available in the 
magnetic circuit. The most critical part of the magnetic circuit it the armature teeth as far as 
the saturation is concerned. The primary factor is the ratio of tooth width to stot pitch The 
gap density cannot be allowed to increase above a value where the flux density at any 
section of th»* tooth increase beyond 2‘2 Wb/tn*. Supposing it is desired to increase the 
gap density. This can only be done by increasing the tooth width fto keep the density in 
the teeth below 2 2 Wb/m*). The widening of teeth allows Bm to be increased. However, tlie 
slot width becomes smaller on account of tne increased tooth width as the slot pitch remains 
the same Thus, the spa e left for conductors becomes stnaller. Therefore, this requires 
that a smaller value of ac should be used for the machine. It is. evident, that t he specific 
loadings B» and ac are interrelated and the increase in one calls for decrease in other. 

The product BouXae is a major factor and the increase of one at the expense of other 
may not lead to increase in rating. In fact the values of specific loadings should be so chosen 
that an optimized design is obtained. 

912. Selection of munber of polea. The value of output co-efficients can be 
obtained after suitable choice of values for £•• and ac and then, using Eqn. 9 2. The value 
of product D'L is obtained from Eqn. 9*1. 

• a 

It now remains to select appropriate values of D and L which correspond to '.he cal¬ 
culated value of D'L. It is the aim of the designer to select tuch dimensions as will result 
in the minimum cost and yet it the same time achat the desired specifications. . 

In order to obtain suitable proportions lor fate machine it is necessary t » consider bom 
the magnetic at w<.U as the electric circuits. So far as the mign' tic c.rcmt r e*-nt einod, 
it is necessary to choose a suitable number of poles and also t * suitably proportion them. 
A proper design of the electric circuit requires suitable dimensions which result in satis¬ 
factory arrangements for winding and commutator. 
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The number of poles used in a d.c. machine has an important bearing upon both the 
magnetic and the electric circuits. 

In the case of alternating current machines, the number of poles is fixed by the supply 
frequency and the speed of the machine. But in the case of d.c machines, any number of 
poles can be used. However, there is always a very small range of number of poles that 
gives a design, which is sound from the commercial point of view. 

Coming to choice of number of poles consider that the length and the diameter of the 
machine, the specific magnetic and electric loadings are fixed and the number of poles can be 
varied. This means that, 

4frr»» total flux around the air gap“p$“ Bm X nDL 
and AC^total ampere conductors over the armature periphery 

. Z*»ac it D 

are both constant. 

I Frequency. The frequency of flux reversals is given by f=*pn}1. 

Therefore, if we choose a large number <>f poles, the irequencis high. The frequency of 
alterations of magnetic'flux in d.c. machines should not be very high as it would give rise 
to excessive iron losses in armature teeth and core. Generally, the value of frequency, /, 
lies between 25—50 H», but may be more in small machines typically high speed series motor 
designed with a low gay air density.' 

In certain cases, frequency might be a deciding factor in the choice of number of 
poles. For example in the case of high speed d.c. turbo-generators, the number of poles used 
is 2 as otherwise the frequency will become high giving rise to excessive iron losses. 

2. Weight of iron parti. The number of poles effects the weight of the various 
parts of the magnetic circuit as explained below : 

(a) Yoke area. The total flux around the air gap remains constant considering the 
assumptions we have made. This flux is 4r. Consider the case of a 2 pole machine as 
sh iwn in Fig 9 21 (a). The flux per pole is *r/2. At the yoke, this flux divides itself- in 
two parts and therefore the yoke has to carry a flux 0jr/4. 

Now if the number of poles of this machine is raised to 4, the flux per pole becomes 
$r/4 and the flux in the yoke is $r/8 as shown in Fig. 9*21 (6). Thus if the number of poles 
is doubled, the flux carried by yoke is halved. 




(a) 2 Pole Machine (6) 4 Pole Me.-hine 

Fig. 9*21. Decrease in machine dimensions with increase in number of poles. 

Generalizing the above, the flux carried by yoke is inversely proportional to number 
of poles, Therefore by using greater numberlff TSSiar, fr -‘ "tTflTliT^cross-section of yoke "Si 

proportionately decreased. '**“ ’' .. " 

(8) Armature core oral. The dux per pole divides itself in two paths in the armature- 
core as shown in Fig. 9*21. Therefore in the case of a 2 pole machine, the flux in the arm** 
ttire-vore is 4>r/4 while ip the case of a 4 pole machine, it is $r/8. 
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The yoke carries a steady flux and therefore there are no iron losses in it. Thus we 
ca) 1 wdely use. a large number Of poles so as to reduce the weight of iron in the yoke. But 
this is not true in "the case of armature core. Wt» can no doubt decrease the weight of iron 
j n the owe by using a large number of poles but the increase in numb r of poles would result 
in higher iron loss in armature owing to increased frequency of flux reversals. Let"us 
examine the effect of using increased number of poles on the armature core area keeping in 
view the increased iron losses caused by increased frequency. 

We compare here, two machines one with 2 poles aqg the other with 4 poles. 

Let &»(lu* density in armature core ; /"frequency of flux reyersals ; 

•■■speed in rps, and A t and A t equal area of core for 2 pole and 4 pole 
machines respectively. 

Considering the eddy current lose : 

2 pole machine ; 


Eddy current loss in armature core oc ****(*£)' 




4 pole machine: 

Eddy current core loss in armature core oc A*/** A* ^ ^ 


{ Or V ( 4xn \* <bT*n* .... 

V j x \ 2 ) * i a ; 1 


It is evident from relations (») and (si), that for the same eddy current core loss A, 
should be equal to A t Thus in order to obtain a constant value of eddy current loss in the 
core irrespective of the number of poles, the armature core section has to be kept the same. 
In case the cross-sectional area of core is decreased for higher number of poles, the eddy 
current loss in core would increase. 


Considering the hyetereeit lose : 
2 pole machine : 


Hysteresis loss in core cc A* / oc A* 



Xacr 



4 pth machine • 

Hy&teiesh loss in core oc A 1 / oc A* 





Dr\« 
A, ) 



m 




(*) 


fr ft m p.rln g the expressions for hysteresis loss for the 2 pole and 4 pole machine it is 
dear that tf we keep the core area same for both the cases {» e. A t ^A t ) the hysteresis loss in 
the case of 4 pole machine would be 50 per cent of that in the case of 2 pole machine. 
Thus the hysteresis loss decreases with increase in number of poles. In other words, if we 
have to keep a constant value of hysteresis loss, we can decrease the area of cross section of 
the -»«»»»•■»■ with larger number of poles Therefore, by increasing the number of poles the 
weight of iron in the armature core can be decreased. 

fel OmrmU diameter. In all logically designed machines, the total field mmf bean a 
coswtam ratiotototal armature mmf Let this ratio be K. 

Total field mmf~£ X total armature mmf"E AC/2. 
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But the total armature mmf {AC/ 2) is constant irrespective of the number of poles and 
therefore the total field mmf is constant. 

Now field mmf per pole AT/=*KAC/2p. Since we have a field coil on each pole. There¬ 
fore the mmf developed by each field coil varies inversely as the number of pol es. Hence 
for the same depth of winding, the winding height and thus the actual height of pole 
decreases as the number of poles is increased. 

Comparing the case of two machines, one with 2 poles and the other with 4 poles, 
tetj field mmf per pole in the 2 pole machine is double that in the 4 pole machine. There¬ 
fore tie height of field winding and hence the height of pole in the case of 2 pole machine 
is double of that in the case of 4 pole machine. This is shown in Fig. 9'21 wherein the 
heights are indicated as Kpi and hpi/2. 

It is clear that the height of pole is smaller in machines with large number of poles 
as indicated by Fig 9‘21. Since the overall diameter of a d.c. machine is dependent upon 
the height of pole, lesser the pole height lesser the overall diameter of machine. Therefore 
the overall diameter of the machine decreases as the number of poles is increased. This 
means that the total weight of iron required by the machine decreases with an increase in 
number of poles. 

3. Weight of copper 

(a) Armature copper. The portion ot conductors msponsible for emf production hi 
generators or torque production in motors is called the active copper or active portion of 
conductors. Therefore, the portion of conductors embedded in slots is called the active 
portion whil * the portion of conductors in the ov. rhan^ which just provides a connection 
between the active portions of conductors and thus docs not take part in the energy con¬ 
version process) is called inactive copper or inactive portion of conductors. 

It should be made clear here that le«er the ratio of inactive conductor material 
(which does not take part in the electromechanical energy conversion process) to active 
conductor material (which is responsible for the electromechanical energy conversion 
process, the cheaper is the machine. 

Let us consider the inactive copper. Diameter of the machine remains constant .ind 
therefore the pole pitch varies inversely as the number of poles. It means th?t tin- length of 
oonductors in the overhang decreases with ir.roase in number of poles and to a first approxi¬ 
mation we can take that the length and hence weight of inactive copper varies inversely a. 
the number of poles. 

Fig. 9*22 shows the active and inactive portions of conductors of a 2 pole and a 4 pole 
machine. 
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Comparing the two machines, we find that the amount of copper used in the overhang 
of the 2 pole machine is greater than that in the 4 pole machine. It is also clear from 
Fig. 9 22 that the outhang i.e. the distance through which the overhang projects outside the 
core, is more in the case of 2 pole machine giving a larger overall length for the machine. 

Hence, increase in number of poles reduce* tin weight of copper in the armature 
and at the same time reduces the outhang of the winding so that the overall length of 
machine is reduced. 

(6) Field copper. We have already noted th.it the field mmf per pole varies inversely 
as the number ol poles—-Consider the case of two m ■chine*!, one with 2 poles and the other 
with 4 poles. The area of cross-section of each pole in the 2 pole machine is double that in 
the 4 pole machine. Abo the field mmf per pole in the c.i*e of 2 pole machine is double 
that in the case of 4 pole machine. It is therefore clear that the mean length of field turn 
is greater in the case of 2 pole machine as shown in Fig 9'23. l his means that the weight 
of field copper is more in the 2 pole machine. 

Therefore, the total weight of 
field copper decreases with increase 
in number of poles. The mean length 
of field turn decreases and therefore 
the field winding resistance decreases 
with increase in number of poles. 

This means that the field copper 
losses become smaller and therefore 
for the same loss we can de* 
ctease the area of field conductors so 
that saving in field copper due to 
increase in number of poles is quite 
appreciable. 

Thus the weight of copper of 
both armature and field windings 
decreases with increase in number of 
lK>h*s. 

4 Length of Commutator, The number of brush arms employed is equal to 11 
number of poies in the case of machines with lap wound armatures. In machines with wa*- 
winding the number of brudi arms required is 2 but usually the brush arms provided a* 
equal to the number of poles. Consider two Ian wound machines, one with 2 p*' s and tl 
other with 4 poles. 

2 pole machine 

There are two brush arms in the machine placed as shown in Fig. q ' 
current per parallel path is/«*=/o/2 and since there are two parallel paths me ' "," . 
brush arm the current in each brush arm 

7*-2 Me. 

4 pole machine • 

There are four parallel paths and the current in each parallel path J*=»/«/4. 

Therefore current in each brush arm /*«-2/i-«/o/,. 

Therefore, the current brush arm for 4 poles is half of that for 2 poles. 

Generalizing the current is collected by each brush arm varies inversely as the 
number of poles. This means that the area of brushes in each arm decreases if the number 
of poles increases. In most cases it is not necessary to reduce appreciably the thickness 
of the brashes when the number of poles is increased. Therefore the length of b usbes 
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Fig, 9-23. Decrease in length of mean turn'of field 
winding with increase in number of poles 
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required in each brush arm is reduced with increase in number of poles. This results in 
reduction in the length of the commutator and incidentally results iu reduction of overall 
length of machine. 




Fig. 9'24. Current in each brush arm 


5. Labour charges 

(«) Armature coils. Considering the emf equation of a d.c. machine E**QZn p/a. 

Since pQ> is assumed to be constant EccZnja. 

In a lap winding the number of parallel paths is equal to the number of poles t.e. 

a ■*/>. 

Ecc Znjp for a lap winding or ZccEp/n. 

Thus th<* number of conductors Z increases in direct proportion to the numb r of 
poles. In multipolar lap wound machines, single turn coils are invariably used. Therefore, 
the number of armature coils increases with increase in number of armature conductors. 
Hence the number of armature coils increases with increase in number of poles 

It should, however, be noted that in a wave winding the number of conductor! and 
hence number of coils remain the same irrespective of the number of pdles. 

Since the number of commutator segments is equal to the number of armature coils 
the former increase with increase in number of poles. 

(61 Field coils. The number ol field coils is equal to the number of poles. Therefore, 
there are more field coils to be assembled if the number of poles is higher. 

From above, it is clear that the labour charges will increase as the number of poles 
increases because there are more armature coils to wind, insulate and connect to co nmutator, 
and there are commutator segments to the make insulate and assemble, and more poles to 
assemble and more field coils to wind. 

f Flash over. This is a very important factor when deciding about the number 
of po'es to be used. The use of a large number of poles results in increased danger of 
flashover between adjacent brush arms as explained below. 

The number of brush arms is equal to the number of poles. For'the same diameter of 
the commutator, the distance between the adjacent brush arms decreases as the number of 
poles is increased. This increases the possibility of flash over between the adjacent brush 
arms. Alternatively, to avoid possibility of a flash over the diameter of the commutator will 
have to be increased as the number of poles increases. 
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7. Distortion of field form. Armature mn.f per pole 
ATa**~-X pole pitch-™ 

Therefore, the armature mmfper pole verier inversely with number of poles. Hence 
with a smaller number of poles, the armature mmf per pole mcnast-, a nultingtti distortion 
of field form and reduction in flux under load conditions, l'he distortion in tiux causes 
poor commutation conditions and sparking while the reduction in flux cauo s lower generated 
emf. Hence, with smaller number of poles, it may become necessary to use compensating 
winding to obviate the effects of increased armature reaction. 1 he provision oi com¬ 
pensating winding complicates the construction and increases the cost of machine. 

Summarizing, the advantages of having large number of poles are : 

There is a reduction in : 

(*) weight of armature core and yoke 
(it) coat of armature and field conductors 
(it i) overall length and diameter of machine 
( iv) length of commutator , and 
(e) distortion of field form under load conditions. 

The disadvantages of larger number of poles are : 

There is an increase in : 

(i) frequency of flux reversals 

(ii) labour charges 

(Hi) possibility of flash over between brush arms. 

We have seen that the cost of materials i.e, iron and copper decreases and the labour 
charges increases with increase in number of pates. In general, the number of poles should 
be so chosen, that good operating characteristics are obtained with minimum weight of 
active materials and minimum cost of construction. The number of poles depends upon the 
relative charges for materials and labour, where labour is cheap and materials are expensive, 
it is advisable to use larger number of poles. 

9-12*1. Gniding factors for choice of number of poles. The following may be 
taken as guiding factors for the choice of number of poles : 

(») The frequency of flux reversals in the armature core generally lies between 25 to 
50 Hz. Lower values of frequency are used for large machines 

(is) The value of current per parallel path is limited to about 200 A. Thus the 
current per brush arm should not be more than 400 A. 

(sis) The armature mmf should not be excessively large. Table 9'3 gives the normal 
values of armature mmf per pole These values should not be exceeded under avenge 
conditions. 


Table 9 3. Armature mmf per pole. 


Output 

kW 

Armature mmf per pok 

As 

upto 100 

3,000 or lea 

100 to 300 

3,000 to 7,500 

500 to 1500 

7.300 to 10,000 

over 1300 

Upto 12^00 
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rig. 9-25. Number of poles in a d.c. machine. 


.1 , iin* t i • .innaUm* mnaf i< directly proportional to diameter of armature 
.m! (-• •!>;• ,> > 10 i.il 1 1 numb >r of pales. Therefore, in order to keep the armature 
mm! .vi fu.t limit!, labour iO.OX> A), the number of poles should increase as the diameter of 
inu< !• . • nutcases. Fig. 9 2S shows the number ~f poles as a function of armature 

dianifter. 

9 13 Core length Following factors should be considered when selecting a suitable 

valu ’ '»f '**r«- length. 

f»l Cost The manufacturing costs of a uracimie wnn large core length are less. 
This i-lv*c:u:si! the proportion of inactive copper to active copper is smaller, greater the 
length of rorr. Thus from the point of view of cost, it is desirable to have a large core 
length. 

($») Ventilation The ventilation of machines with large core lengths is difficult 
because th * c uur.d p irti"n of the core tends to attain a high temperature rise. The length 
of core cannot be increased beyond a certain value on account of ventilation problems. If long 
armatures arc necessary, as in high speed machines, sp’seiat means for ventilation of core 
must be provided. 

9 131. Limiting valoe of core length. It has been derived in Art. ‘ *24 page 521 that 
the emf in 'uced in a conductor e, should not exceed 7*5 /T,N e in order that the msthmiHi 
voltage between adjacent segments at load is to be limited to 30 V. 
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The voltage in a conductor at no load LVm. 

7 5 

For a limiting case : B<* L F*= -jr^r - 

7‘5 

or limiting (maximum) value of core length ^ — V~T~W 


where Uo**®average gap density, Wb/m* ; 

Fa=peripheral speed »>f armature, m/s ; 
?’<■=turns per coil; 


hT e «»numb<r of coils between adjacent segments* 1 for a simplex lap 
winding and p/2 for a simplex wave winding. 

Taking the case of a simplex lap winding with single turn coils, we have : 

A*e*= 1 ami 2e“* 1. 


Maximum permissible conductor emf at no load e**-7‘5 V. 

. 7'5 

Limiting (maximum) value of core length, —y 


For normal designs i?«*=»0 7 Wb/m* and Fa*-30 m/s. 

75 

,*. Maximum permissible cote length ^“TTTxSO * 


10-36 m. 



In actual practice the values of average gap density and peripheral speed may be 
lower than the above mentioned values and therefore values of core lengths of about 0‘4 to 
0'5 m are possible with obvioudy the proper ventilation conditions required to keep the 
temperature rise of central parts of the machine within specified limits. 

9*14. Armature diameter. Following factors should be considered when selecting 
a suitable value for armature diameter : 

«> Peripheral speed. The peripheral speed is sometimes a limiting faetor for the 
diameter. The peripheral speed lies between 15 to 50 nr./s, the lower values correspond to 
low speed machines. 

The value of peripheral speed should not, normally, exceed 30 m/s. This speed does 
not call for any sp*id rotor construction but if this peripheral speed i? exceeded, the bands 
of binding wire for the overhang will have to be made extra strong In other v . it * «y 
be necessary to provide special method to prevent the overhang from Hying out,due to ex* 
cessive centrifugal force. 

(%i) Pole pitch. The pole pitch obtained after selecting a suitable diameter, may be 
used as a check for the number of poles. Table 9*4 gives the usual values of pole pitch. 


Table 9 4, Pole pitch 


Poke 

Pok Pitch 


mm 

2 

Upto 240 

4 

Between 240 and 350-400 

6 

Betweeen 350 to 400—450 

| Above 6 

450—500 


9-I4T. t.tmlrii value for arsssatare diameter. 
Output Pat^/fX 10 * kW. 
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We have: 


or 


E *-einf per conductor X conductors per parallel path 
-e* Z/a. 

P-(c. j/.x lO-*=r,~Zx IO-«-e,wZ) oex 10“» 

^ PX10“* 

— ■ • 

it ac e> 


• • • 


(96) 


If we assume limiting values for oe=40,000 and e*=»7 5 V. 
Minimum permissible armature diameter 



Pv 10» _ 

isx40,000 x 7 5 


ot0 001 P. 


we 


Hence a 1000 IcW machine will have a diameter not 
.can say that maximum permissible output from 


machine of 1 m diameter is 1000 kW. 


for 


915. pole proportions. The cross-section 
the poles should be circular in order that the length of 
mean turn of the field winding is minimum as a circle 
gives minimum periphery for a given area. Thus a 
circular pole section would result in reduction in cost of 
copper and aho in reduced field copper loss. A circulai 
pole requires a solid muting for the pole. As stated 
earlier, the majority of present day d.c. machines are 
motors which are used in industrial drives fed from static 
power converters using SCR*. The solid field structure 


less than 0 001 X 1000™ 1 m or 



Fig. 9'26. Pole proportions. 


cannot be used in these machines because of increased core losses, slow response (due to high 
core losses), and commutation problems. A laminated fid 1 structure is a must on account 
of operating conditions Also, a laminated field structure lends itself admirably when it is 
desired to manufacture a range of machines from a given frame. A laminated field structure 
requires the us.' of either a square or a rectangular pole section. A square pole section gives 
minimum cost of field winding. 


In a square section the width of pole body is equal to the length of the machine or 
referring to Fig. 9*26, fcj—L. As the width of pole body is about 0 a 5 to 0 55 of pole pitch, 
acquire section for the pole would result in a machine of short core length. Some manu* 
facturejra use a core length which is even twice the width of pole body. 

Thus we have, to 2 6**»0‘45t to l'lt or . L/ t«0*45 to 1 1. 

Usually the ratio £/t lies between 0‘7 to 0*9. 

Some designers prefer a square pole face. This means that the value of pole arc 5, is 
equal to the length of the machine or 

L-*0‘64t to 0*72t as $-»0’64 to 0*72. 


When designing a range of d.c. machines, the armature diameters should be so chosen 
that as many ratings as possible can be obtained with the same diameter. Thus by using 
the MB i* frame diameter and varying the length, different ratings would be obtained. This 
cuts down the manufacturing costs appreciably. 

9*15. Number of ventilating ducts. Radial ventilating ducts, for cooling the arma¬ 
ture* are used if the length of core exceeds about 0* 12 nr. A radial duct is provided for app. 
narimatciy every 70 mm or 0*07 m of core length. The width of ducts is usually 10 mm. 
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9-16. Length ©f air gap. The length of air gap can be fixed by considering the 
following : 

(») Armature reaction. In order to prevent excessive distortion of field form by 
the armature reaction, the fitld mmf must be made large in compirison with the armature 
mmf. A machine designed with a lung air g«p rtqui<cs large; held mmf. Thus the 
distorting effect of armature reaction can be reduced if the length of air gap is made large. 

However, the increase in field nunf results in increase in size and cost of machine. 

(**) Circulating currents. The air gap. in the case of multipolar lap wound 
machines, should be long, because if the gap is small, a slight irregularity in air gap would 
result in large circulating currents. (See Art. 6 12 page 243). 

(*»•) Pole face losses. If thlength of air gap is made large, the variations in air 
gap flux density due to slotting is small. Therefore, the pulsation loss in the pole faces 
decreases if the length of air gap is increased. 

(v) Nolee. The operation of machine with large air gap lengths is comparatively quiet. 

(vs) Cooling. Machines designed with a large value of air gap length have better 
ventilation. 

(vii) Mechanical considerations. Before the advent of commutating poles, 
machines were designed to have a large value of air gap length in order to prevent distortion 
of field form. But the use of commutating poles has brought down the values of air gap 
length to the extent considered reasonable minimum from mechanical point of view. With 
smaller length of air gap there is a greater possibility of appreciable unbalanced magnetic 
pull developing and causing the rotor to foul with the stator. The length of air gap siiouid 
be large to prevent any such possibility. (Sec pages 179 to 189 for unbalanced magnetic pull). 

916'1, Estimation of air gap length. Mmf requited for air gap of salient pole 
machines is : AT* =-800,000 BgK§l$ •••(0 

OCT 

and armature mmf per pole ATa**—^- 

The-value of gap mmf is nortnaily between 0 5 to 0 7 of armature mmf. The usual 
value is 0'55. 


acr 


AT,-( 0*5 to 07) AT*=( 0*5 to 07) ~ 


...(•») 


Equating (*) and (is), we have, length of air gap, lg* 


(0 5 to 0 7) ac t 


1600,000 K, B, 

The gap contraction factor Kg may be assumed as 115. 

Usually the value of air gap length lies between 0*01 to 0*015 of pole pitch. 

9*17. Polo face profile. The field form (air gap flux distribution curve) must 
have such a shape that the commutation conditions 
are improved. In order to have good commutation, 
the flux density in the air gap must decrease gradually 
from maximum value under the centre of the pole to 
aero on the interpolar axis. A field form that drops 
off abruptly from maximum value to zero leads to 
commutation difficulties and magnetic noise. 

In order to achieve a good field form, the 
length of air gap should not be uniform under the 
enure pole face (or pole arc) but the face must be 
shaped to give a gradually increasing distance towards 
both pole tips. The air gap length at the pole tips 
is generally 1 *5 to 2 times the gap length at the centre 
of the pole. The usual chape of pole face is given in 
Fig. 9*27. 
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Example 9 I A 5 kW, 250 V, 4 pole, 1500 r p m. shunt generator is designed to have 
a square pole face. The loadings are : 

average Jinx density tn the gap=*0’42 Whim* and ampere conductors per metres15,000. 

Find the main dimensions of the machine. Assume full load efficiency—O'81 and ratio 
of pole arc to pole pitch—O'66. 

Solutidk _— 

Armature power p a =-~-^ =)s75 kW ; Speed «—-^~=25 r.p.s 
Output co efficient C 0 — it *Sav ac Hr***=n s x 0 ! 42 X 15000X I0”**=621 


D*L* 


P, 

V" 7 ., 


n 


57.1 

'62 7 1 X 25 


=3 7X10-* m*. 


_ , o core length 

For a square pole face,--=1 or 

^ r pole arc 


L 




or • L^ nI> *0 66X -^-=*0-518 2) 0’51« Z> 8 =3*7x 10~ 8 

P 4 

or m and L=Q 1 m. 

Example 9 2. A design is required for a 60 kW, 4 pole, 600 r.p.m. dc. {hunt 
generator, the full toad terminal voltage being 220 V. If the maximum gap density is O'83 
Wbfm* and the armature, ampere conductors per metre are 30,000, calculate suitable dimensions 
of armature core to give a square pole face. 


Assume that the full load armature voltage drop is 3 per cent of the rated terminal voltage, 
and that the field current is 1 percent of rated full load current. Ratio of pole arc to pole pitch 
is 0 67. 


Solution. Output coefficient f7o=ir*i|i JB# ac X lO”* 

=tc> x 0 67 X 0 83 X 30000 X 10-*= 167. 

Speed » =600/6 )= 10 r.p.s. 

Hack errf at full load 2?=22U+003 X 220=226 6 V. 

Full load current =* —-—227 A. 

/ ; Field current =001 X 227=2-27 A. 

j Armature current /a=227+2 27=2 27 =22 9‘27 A. 

Power developed by armaturfe Pm"*EIa X 10 " 8 =229^27i|C I0“ 8 =5’8 kW 

'Hs? - wnS<r “ 0 0311 

For a square pole face —1 or — 1 or Zr«*“0'526 D. 

Hence, Z>»- -00591 m 8 

D—0*389 tnatO'39 m and £—0*21 m. , 

Example 9*3. Determine the main dimensions, number of poles and the length of air 
jap of a 600 kW, 500 V, 900 r p.m. generator. Assume average gap density as 0 6 Wb/m * and 
smpsrs conductors per metre as 35000. The ratio of pole arc to pole pitch is 075 and the 
efficiency is 91 per cent. 
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The following ore the design constraint* : peripheral opted > 40 m/s, frequency of jl» ; 
reversals>50He, current per brush army 400 A and armature mmf ft pol, > 7500 <1 

The mmf required for aii gap it 50 per cent of armature mmf and gap contraction 
factor is 1'15. 

Solution. Output coefficient 2f a * oc 1 Q~*=a*x 0 6x J5U00X 10' 3 =207. 

Power developed by armature /*»== Jr!?, “*660 kVV. 

0 i»l * 


Spred 


900 r 

““To ’ ' 


to A 


l>6>) 

1*1)7 X . 5 


=--=0-2126 m s 


Number of Poles 


The choice of number of poles for this m ZC of machine lies between 4, 6 or 8. Corn* 
paring the results : 

(i) Frequency. Frequency of flu* reversals,/=~-Hz. 

The frequency is 30 Hz for 4 poles, 45 Hz for 6 poles and 6!) Hz for 8 poles. 

Therefore we cannot use 8 pales since the frequency txce.ds the miximutn allowable 
limit of 50 Hz 

(<*) Current per brush aim. Neglecting the fielJ current, armature curnnt 

r 600x1000 ,__ 

7 *-500~ “ 1200A ' 

Current per brush arm 7 6 =2 7«/p. 

With p-4, /— — =600 A. With p=6, ^4,,,) A . 

4 0 

l he current per brush arm should not exceed about 400 A. This means that 4 poles 
.unot used for this machine. Therefore the number of poles is taken as 6. 


Main Dimensions : 

Now X/<|«=J X=0*75x«D/6=0‘393 D. 

0*393 ZP«0‘2126 or Z>~0 815 m. 
Taking diameter D= 0’8 m ; length X—0'33 m. 


(») Peripheral speed : F«“*Dn«*x0’8X 15=37'7 m/s. This is within specified limits. 

it v 0*8 

{<0 Armature mmf : Pole pitch t=— g—=0 42 m. 

. oct 3500X0 42 . 

Armature mmf per pole A To— — 75 —=- 5 -~ 7350 V 

r wtt’-ir the wwrifv-d ‘im.’ 

Length of Air Gap : 

0*6 

Hoximum flux density In the gap B§m q.j£-* 0*8 Wb/m*, 
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Mmf required for air gap AT ,«000,000 X 0-8 X 1*15 (*-736,000 l, ...(<) 

Also, air gap mmf per pole AT,**0'5 AT a *0*5 X 7350—3675 A. •>■(«) 

Equating «) and (»*), length of air gap fr—- ^f^ mcaS mm. 

iaaa ^ s,ni P' e ^ ^ Calculate the diameter and length of armature for a 7’6 kW, 4 pole, 
n*Giir' m ' ^ V s ! iunt mo *° r - Given :full load efficiency =*0'83 ; maximum gap flux density 
”bfm x ; specific tlcctnc loading * 30,000 ampere conductors per metre ; field form factor 
j Assume that the maximum efficiency occurs at full load and the field current is 2'5% of 
rated current. The pole face is square. 

Solution. Power input**- — jb =9040 W. 

1J U oj 

Total losses at full load■■9040--7500** 1540 VV. 

Since the maximum efficiency occurs at full load, the constant losses and armature 
PR loss are equal at full load. 


Constant losses* - ^ ' "“770 W. 

75 n O 

Motor current at full load* q g3y 220 SB ^'* ^* 

Field current-0‘025 X 41* 1 * 1*03 A. Field I*R loss-220 X 1 03-227W 
Friction and windage plus iron loss=770~227—543 W. 

Hence, power developed by armature P«*7*5+0’543 —8'1 kW. 

Average gap density B«a~Kf B,~0'7 X 0'9=0'63 Wb/m*. 

Output coefficient Co—w*X0*63x30,000X 10“*—186*5. 


Speed 


1000 

60 


D*L - 


— 16*67 r.p.s. 

Pa 8*1 

£ 0 ^“ 186*3x16*67' 


=2 6xl0“»m* 


For a square pole face L/ty r— 1 

or £,—0*7 X-2^*—0*55 D. (taking 4—Jf/) 

0*55 D*-2*61 X 10"» or D-017 m and 1-0*09 m. 

Example 9*5. A ISO kW, 239 V, 500 r.p d.o. shunt motor has a square field soft. 
Find ts number of poles and the main dimensions and air gap length. Assume the am era ge 
gap density over the pole are at 0 85 Wb/m • and the ampere conductors per metre us 2900$. lie . 
ratio of vridth of pole body to pole pitch is O'55 and the ratio of pole are to pole pitch is O' 7. The 
efficiency is 91 per cent. Assume (hat the mmf required for air gap ie 55 per eeut of armature 
mmf and the gap contraction factor ie T15. 

gelation. Using Eqn. 8* 14. power developed by armature 

MW p - ( I+ 3X0^‘" ) I80 - |M kW - 
Speed x-~2.-8*33 r.p.s. 

It has been given that the average flux density over pole arc ia 0*85 Yfb/m*. If we 
examine the field form of a d.c. machine given in Fig. 4*1? page 12/, we find that the 
peerage value of flux density over the pole arc is approximately equal to Bf. (Wo have to. 
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differentiate between Bt and Bn. The value of gap flux density under pole arc is approxi^ 
mately constant and is equal to B*. Beyond the pole arc the value of gap density falls and 
is xero at interpolar axis. Ba» is the average flux density over the entire pole pitch while Bt 
is the average gap density over the pole arc). 

Output coefficient C 0 ^it^B, ac 1 0"»-»it*x0 7x0 85x2*000 X 10“* *170. 

Sp«d “0-8-53 r.p TtoWIT- 0 ■* 

Number of Poles. We cm use either 4 or 6 pjles for a medium rating machine 
(150 kW) designed for medium speed (500 r.p.ni) Comparing the two designs. 

(i Frequency: 

The frequency with 4 poles is /= —l6 6/ H/. 

With 6 poles/*--— *»25 Hz. 


(ft) Current per brush arm : Line current 


150 

0 91X302 


-715 A 


The armature current can be approximately taken equal to line current. 
Withp«*4, current per brush arm **2x715/4 *=35'7.5 A and 
with p=*6, current per brush arm=*2x715/6*»238‘33 A. 


The values of frequency and current per brush arm are within limits for both the 
designs. The value of frequency is reasonable with ^=6 while for p—4, the - freq .eucy is 
on the lower side. (Low frequency is no disadvantage but this implies that a higher number 
of pales can be used without iron loss getting excessive. Higher number of poles should be 
used wherever possible because their use results in reduction in the cost of materials). 
Thus we choose p**6 as this would result in reduction in the cost of copper and iron. 

Main Dimension*. The machine is to be designed with a square field coil. This 
means that the length of machine is equal to the width of pole body. It is given that the 
width of pole body is U'o5 of pol: pitch. 

Length of machine Zr—width of pole body=*0'55 t*U o5XaD/6«0‘287 D. 

0-287 D»*0 I095 or D-0725 m and Z-0 21 m. 


Air Gap Length. Pole pitch © 38 m, 

. - /.-• Mt 29000 x 0*38 B ., A . "v 

Armature mmf per pole AT ***—«—*»-=-*5510A \ 

_ 1 1 ■ J 

Mmf required for air gap ATj^O‘55 A7V**0'55 X 55 M>—3930 A.' ...(f) 

Also gap mmrAT,-80),000 x 0*85X1*15 /,*■782,000 l, ./.(ft) 

Equating (»*) and (ft), length of air gap I#* 3 87 x 10~* m. 

The length of air gap is taken as 4 mm. 


Example 9 6. Find (he diameter and length of armature core for a 76kW, 4/90- V, 
14 rpe, 4 pole d.c. motor having a full load efficiency of 91 per cent. The product of, specific 
magnetic and electric loadings is related to diameter as follow : 


D 

metre 

! 

0*1 

0-2 

o-i ! 

0*4 

‘ • 

0*3. 

06 

A.** es 

9200 

9300 

12700 | 

13300 

18000 ! 

30000 
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Bat is expressed in Wb/m* and ae in A/m. 

Tnl * ratio <>f pole are to pole pitch^0’7. Select the design which give* a square pole face. 
Solution Power developed by armature 

r -H ^r 1 )” 75 (-m^r ) =,; 5 uv 

Now P»*-C t D t Ln«mn t Bos ae D*LnX 10~*=n 2 ( B„p ac) D*Lx 14X 10"* 

-138 (Bap ae) LPLx 10~* 

P«XlO* 775XI0* 56? 

]3R(B<nac)D* “ l38(fl» ac)Z>* ~ (B» t ac)D* 


Prom tlie ab >ve relation we can find the lengths for various diameters anil also the 
ratio (> r lengih to pole pitch. The results arc tabulated below : 


D 

m 

0 1 

0-2 

0*3 

04 

0-5 

06 

Product 

ac)D* 

52 

372 

1143 

2480 

4500 

7200 

, 562 

L "~ (B,t ac)D* 

m 

10-8 

1 

1*51 

0-49 

( 227 

0125 

0 078 


From above we find that cores with diame ters 01 m, 0'2 m and 0 3 m are too long while 
core with diameter 0*6 m is too short. Machines with diameters 0*4 m and 0'5 m have 
normal designs. 


The details of designs with two diametrrs are given below : 


Diameter 

Length 

Pole pitch 

| pole are 

1 

Ratio 

D 

T 

* 

^0-7t 

Lib 

0-4 


0314 

0*22 

103 

0-5 

0*125 

0-471 

1 033 

038 


The design with 0.4 m diameter gives a square pole face and therefore, it is adopted for 
the machine. 


Hence D—0'4 m, and Xf—0'227 to 

Example 9 7. The maximum permissible value of emf induced in a conductor at no 
toad is 7 t olt in a simplex lap wound machine using single turn coils . Find the maximum 
prrmissi' i* cor * length for the machine if the maximum gap density is l Wb/i&i 
farm factor 0 A? znd the armature peripheral speed is 40 m!s 

Solution. Average gap density x 1 •* > 67 Wi.-..,* 

Refer.ng to Art. 9iS‘l (page 504), maximum permissible core length 

BmT* * Wx40 “° 26 m * 
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(An ei|»r««iMi similar to Eqn. 9*5 has been used here except that maximum allowable 
voltage in the romwttor is 7V in place of 7 5 V as used in Eqn. 9*5. 

Example Find the maximum permissible output from a machine f ram* haring a 
diameter of 2 >n. The maximum permissible specific electric loading is 50,000 and the mat 
generated in a conductor at no load is to be limited to 7'5 V. 

Solution. From Eqn. 9*6, maximum permissible output 

P**nDac e»XlO“ , *»xX2 X 50,000 X 7*5X I0“» 

*■2350 kW. 

ARMATURE REACTION 

9 1 IS. Flux distribution at load. The preliminary details about armature reaction 
in d.c. machines have been discussed in Art. 6‘37 page 308. It has been shown that for.all 
d.c. machines, the armature mmf approximates to a 
symmetrical triangular wave with an amplitude, AT a . „ . 

—(/«/a)(Z/2p). The axis of the armature mmf is the \ flu*, 

interpole axis so that the armature mmf and field mmf Jk. / ^ \ 

are displaced 90* in space. Therefore the armature * 
reaction has a cross magnetization effect. 

Fig. 9 28 shows the distribution of armature 
current in a d.c motor. (It must be borne in mind 
that the direction of current in a d.c. motor is ope 



that the direction of current in a d.c. motor is oppo¬ 
site to that of the generated emf). The path of the flux 
produced by the armature current is through the air 


Fig. 9.28. Path of armature flux. 


gap at pole tips, armature teeth and core, and the pole shoe. The same diagram is shown In 
developed form in Fi.g 9*29 (a). The armature mmf is zero at the pole centres and maximm 
at the pole centres at the interpole axis. If the 
gap dimensions are constant over the whole pole 
arc the flux distribution curve due to the sole 
action of armature currents is as shown in Fig. 

9*«.9 (c). The flux density in the interpolar 
region is small because of large reluctance 
offered by the long air paths in this region. 

Fig. 9 29 (6) shows the flux distribution at 
no load due to main field. 


If the magnetic saturation is entirely 
absent, the value of flux density at any point in 
the air gap may be taken to be proportional 
to the total mmf acting at that point. Therefore, 
the resultant flux distribution curve due to the 
joint action of field mmf and armature mmf at 
load may be drawn by adding the corresponding 
ordinates at every point. Fig. 9*29 (a) shows 
the resultant field distribution curve. From 
thi« we gather die following information t 

(•) The resultant field distribution curve 
is much distorted and is no longer symmetrical 
about the pole axis. 

t 

(ft) In the case of a motor, the flux 
density under the lesuiing pole tip is increased 
whereas it is decreased under the trailing pole 
dp. (The opposite is true in the case of a 
r). 
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(Hi) The flux density at the interpolar axis (or the geometric neutral axis) is no longer 
mto but has an appreciable finite value which depends upon the armature mtnf. 

(tv) The magnetic neutral axis (point of zero flux density) which was at the geometric 
neutral axis at no load is now shifted backwards (against the direction of rotation lor a motor) 
The amount of shift is dependent upon the armature mmf. 

(v) For this case where we have considered no saturation, the value of the useful 
flux per pole remains the same or the flux per pole is unaltered from its value at no load; it 
is merely the distribution of flux that is altered. 

The direct addition of field curves of the main field and the armature mmfs as in 
Fig. 9'29 (d), can be considered as correct as far as the interpolar region is concerned becauw 
there is no saturation in this region owing to large length of air paths. This addition wduld 
be incorrect for the region under the pole arc where the armature teeth are considerably 
saturated. Let us consider the mmfs at different places. They are : 

at trailing pole tip ATmi***ATf 0 -'tyAT a ; at leading pole tip ATma m ’ ! "ATft+^ATm ; 

at pole centre ATq**AT/ 0 where dT/o=» field mmf at no load. 

Fig. 9*30 shows the magnetization curve. B 0 is 
the value of flux density in air gap at pole centre 
under no load-conditions corresponding to mmf AT ft. 

This is also the value of flux density at no load at the 
two pole tips. From Fig. 9 30, the value of flux density 
at trailing pole tip is Bm fe and at the leading pole tip 
is,A»M. Therefore, it is clear, that with saturation, 
the increase in the value of flux density at the leading 
pole tip is not as much as the decrease in the value of 
flux density at the trailing pole tips. Thus there is 
reduction in the value of flux when the machine is 
loaded This reduction in the value of flux depends 
upon the degree of saturation, the value of flux per 
pole will be seriously reduced when the machine is 
heavily loaded. 

The resultant field form considering saturation 
is also shown in Fig. 9'29 (d). The reduction in flux 
is indicated by the shaded area. 

919. Effect of armature reaction 

(<) Redaction in emf. It has been shown above that in a machine working under 
saturation conditions the value of flux per pole decreases, owing to the effect of armature 
reaction. With the decrease in the value of flux per pole, the emf generated in the machine 
decreases as the machine is loaded. 

(ft) Increase in Iron losses. The value of the iron losses in the teeth and pole 
shoes is determined by the maximum value of flux density at which they work. The value 
of maximum density d Inwi increases considerably above the no load value (it may be about 
1*3 times the no load* val"* 11 owing to the field distorting effect of the armature reaction. 
Therefore the iron losses particularly in teeth, are greater on load than on no load. The 
Iron losses at load are approximately 1*5 times the iron losses at no load. x 

(ft*) Sparking and ring fir*. The armature reaction increases the maximum value 
of gap flux density and therefore the maximum voltage between adjacent segments at load is 
higher than at no load. If the voltage between adjacent segments goes beyond SO V, 
there is every possibility of a spark between adjacent segments. This spark ovormay 
take the form of a ring fire around the commutator. 



Fig. 9*30. Gap flux density under 
pole tips and centre under load 
conditions. 
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(fo) Delayed commutation . In order to have good commutation condition*, the 
coils which undergo commutation should not have any generated t mf in them. With the 
brushes placed at the geometric neutral axis, the coils undergo commutation there. In order 
that the coils undergoing commutation, do not have a generated emf, the flux density at the 
neutral axis should be zero. It is observed from Fig. 9 29 (d), that lue to armature reaction, 
the flux density in the interpolar axis is not zero but has a small finite value. This flux 
density generates an emf, in the coils undergoing commutation, of a polarity which tries to 
maintain the current in the original direction. As commutation means the reversal of 
current from one direction to a direction opposite to the original, the armature reaction has^e 
tendency to muntain the current in its original direction and thus delay commutation. 

9 M. Brash shift and its effect. It has been stated before that the armature 
reaction not only distorts the main field but also shifts the magnetic neutral axis (axis of zero 
flux density) against direction of rotation for motors. Therefore, the coils short-circuited 
by the brushes are no longer in the magnetic neutral zone. In order to avoid delayed 
commutation heavy shor‘ circuits and sparking at the bruhes as explained before, the brushes 
should be shifted backwards opposite to the direction of rotation (for motors) in order to bring 


(b) 


(a) («) 

Fig. 9-.3I. Distribution ofarmstufe current with brush shift. 

them in the magnetic neutral zone. Fig. 9*31 (a) shows the distribution of armature current 
in a bipolar machine when the brushes are given a shift of angle a. The effect of this brush 
shift is to resolve the armature winding into two component windings as shown in Fig. 9*51 
(5) and («). As shown in Fig. 9*31 (5) part ad-bo of the winding produces an mmf AT* 
Which acts directly against the field tnmf AT/ or in other words AT* is the do magn t Hot ng 
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campoiK. ■ mature mmf. Similarly Fig. 9 31(e) shows part nb—cd of the armature 
winding produces an mmf ATaq whose axis is at 90° with respect to tli main field and there* 
fore AT ad is called the cross-magnetizing component of armature reaction. 

Demagnetizing mmf per pole 

ATai^ATaX-fi-r .**(9*7) 





(9 8) 


The cross-magnetizing mmf par pole is equal to the difference between the total 
armature mmf per pole and the demagnetizing mmf per pole. 

Cross magnetizing mmf per pole ATw—ATa— ATad ../99) 



9 21. Reduction of effect* of armature reaction. The following are the differeflf 
methods adopted to reduce the effects of armature reaction. 

(i) Increase in length of air gap at pole tip*. In the case of motors having an 
air gap of constant value over the whole of the pole arc, it is evident that with armature 
teeth worked normally at a high degree of saturation, extreme saturat ion will be attained in 
the teeth under the leading pole tip This would result in a serious reduction in the value 
of total flux per pole when the machine is loaded. 

The distorting effect of armature reaction can be reduced if the reluctance of the 
path of the cross-magnetizing field is increased. As stated earlier, the armature teeth and 
air gap at the pole tips offer reluctance to path of armature cross flux ; therefore if the 
length of air gap At the pole tips is increased, the effect of armature reaction is reduced. The 
length of air gap at the pole tips is made 1*5 to 2 times 
the length of gir gap at the pole centre as shown in 
Fig. 9 27. Increasing the length of air gap at the 
pole tips is known as chamfering of pole faces. 

(ft) Increasing reluctance of pole tipe. 

The distorting effect of armature reaction can be 
reduced by increasing the reluctance of pole tips. 

This is done by adopting a special construction ror 
shoes. In this type of construction leading and 
trailing p^le tips portions of laminations are alter¬ 
nately omitted as shown in Fig. 9 32. 


(.*») Gompeasatlng winding. Compensating 
windings are used to neutral'ze the effect of armature 
reaction. These windings are of concentric type and 
are housed in axial slots in the pole faces as shown in 
Fig. 9*33. The conductors of this winding carry 
currents in opposite direction to that of the adjacent armature conductors in ozder to nullify 
the effect of armature mmf. To be effective at all load, the compensating winding is con¬ 
nected in series with armature winding. 

In order to obtain perfect compensation of the armature mmf under the pole shoe, it 
it necessary that the compensating winding ampere conductors are equal to the total 
armature ampere conductors under the pole shoe* 



nwxvvvvwvwwv 


'/ATA 


vv\\\\\wv\\\vv\ 


Fig. 9*32. Omission of alternate tips of 
pole laminations to reduce effect of 
armature reaction. 
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Compensating winding mmf per*pole 

poU*pitch Xarraature P er poie=»<{(47’« ...(911) 

Owing to large costs involved, compensating winding is used in very spi cial cases 
where there are violent changes in the load due to which there is a great possibility of flash 
over, for example in motors of reversing roiling mills. 



Fig. 9 33. Section of a d.c. machine showing compensating winding. 

(**) Interpoles. It has been shown in Art. 918 that the armature reaction shifts the 
magnetic neutral axis backwards against the direction of rotation in the case of motors and 
therefore there is a finite value of flux density at brush axis which produces a generated emf 
in the coils under-going commutation. The nature of polarity of this field is such that it 
generates an emf which tries to maintain the current in the original direction thus causing 
delayed commutation. 

In order that the com¬ 
mutation takes place at mag¬ 
netic neutral axis (at zero flux 
density), the armature reaction 
at the brush axis must be neu¬ 
tralized. This means that an¬ 
other mmf should be applied 
at the brush axis which is equal 
and opposite to that of armature 
mmf. This mmf is applied by 
interpoles or commutating poles. 

These poles are placed at the 
geometric neutral axis mid-way 
between the main poles as 
shown in Fig. 9'34. 

In the case of motors, the 
armature reaction establishes a 
field at the geometric neutral axis which has the same nature as the pole ahead it and there¬ 
fore, the interpole should produce a field which has a nature corresponding to the main pole 
behind of it in order to neutralize the armature reaction. This point is elaborated AS 
under : 

Consider Fig. 9’34. The coils undergo commutation at A Hie armature reaction 
•blfis the magnetic neutral axis behind A ana establishes a field corresponding to northpole 
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(the main pole ahead of it), tn order to produce aero field at 1, the interpole mmf should be 
equal and opposite to the armature mmf. Therefore the interpole should have a south 
polarity (a polarity corresponding to main pole behind of it). 

In addition to neutralizing the armature mmf at the brush axis, the interpoles should 
produce a commutating field as explained later in in this chapter. The production of this field 
requires additional mmf, and therefore, the mmf required for the interpoles must be greater 
than the armature mmf per pole AT a. 

The interpoles must set ve their purpose correctly at all loads and therefore the inter 
' pole winding i» connected in series with the armature. 

Example 9 9. A 4 pole generator supplies a current of 140 A. It hat 480 armatnre 
conductors (a) wave connected (6) lap connected. The bruehee are given an actual lead of IV. 
Calculate the croee and demagnetizing mmf par pole in each case. The field winding is shunt 
connected and takes a current of 10 A, find the number of extra shunt field turns to neutralize 
the demagnetisation. 

Solution. 

(a) Wave connected : 

Armature current Ja* 140+10 *150 A. 

With wave winding number of parallel paths o*2. 


. f /. Z 150 480 

Armature mmf per pole ^ mm— x 


*4500 A. 


to 4 

Angle of lead o*-^- X mech. degrees* X 10*20° electrical. 

Demagnetizing mmf per pole .AT«4“d2V-j^ *4500 X ^ - *1000A. 

Cross magnetizing mmf per pole AT<n'**ATm—ATu"*hbWl— 1000—3500 A. 
Mmf for neutralizing demagnetizing mmf*1000 A. 

.*. Extra turns requited on the shunt field*1000/10* 100. 

(5) Lap connected : 

With lap winding, number of parallel paths a*p*4. 

. , J. Z 150 480 „„ . 

Armature mmf per pole ATm~*— Xx— *-^~ ■ ^ 4 “2250 A. 


2X20 


Demagnetizing mmf per pole d7«**2250 X 500 A. 

Cross-magnetizing mmf per pole \d2’a*2250—500* 1750 A. 

Extra turns required on the shunt field for neutralizing demagnetizing mmf 
*500/10*50. _ 

Example 910 A 500 kW, 875 r.p m 8pole, d.c. generator hoe a fives per pole of 
0 0888 Wb. Determine the armature demagnetizing and croee magnetising mapper pole if the 
bruehee are given a lead of 6 per cent of pole pitch* Assume power developed bg armature to be 
equal to rating of machine . 

Solution. Speed a*375/60*6'25 r.p j. ✓ 

Power output 10"**Ws~JiX 10""* 

* 
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X 10~») X 2p X £ J«r( 2 $ np* x 10~») AT: 

p 

Armature mmf per pole AT*—r ^-— \ - - - 

r 24>ap»xi0“i 


500 


* 2 X0 0885 X 6'25X(8)*X 10“* “ 706 ° A * 
Brush shift a=5/100 X 180—9° electrical. 


Demagnetizing mmf per pole ATad*= AToX 


m" 7060x w- 706A - 


Cross magnetizing mmf per pole A2P«—7060—706—6354 A. 

Example 9 II. TAe armature of a 12 pole, 600 kW, 660 V generator has a simplex Ism 
winding consisting of 2,484 conductors. There are 021 commutator segments. The ratio of f*m 
are to pole pitch is 0 7. 


(а) Calculate the demagnetizing mmf per pole at rated full load current if the brushes 
are shifted through three segments from the geometric neutral axis. What is the cross magnetising 
mmf per pole ? 

( б ) Calculate the number of conductors that must be provided in each pole face if a oom » 
pensating winding is used for the machine. 


Solution. 


Neglecting the field current, the rated armature current 


/. 


500X1 >00 
550 


909 A. 


For a simplex lap winding a —j> Number of parallel paths a—12. 

I Z 909 04 qa 

Armature mmf/pole J ^ Taaa ~^‘~2p B ‘~\2 x ~2~ x 12 


3 

(a) Angle of brush shift—X 360—1'74° mechanical. 

X174-10 44° electrical. 

Demagnetizing mmf/pole ATas—A2V-~ —7840X ^ - ^— —910 A. 


Cross mgnetizing mmf/pole A2*ea—AfTa—AT*!—7840—910—6930 A. 

(A) Compensating winding mmf/pole A2T«—O’7 X 7840—5488 A. 

5488 

Turns/pole for compensating winding—g^ot 6 . 

Number of pole face conductors for compensating winding—2 X 6 —12. 

ARMATURE DESIGN 


912. Choice of armature winding. D.C. armature windings have beep rUsnwod 
in details in chapter 6 . 

Simplex windings are invariably used in preference to multiplex windings owing to 
the k— fc— imposed by equalizer connections upon the later. The choice usually lies 
be t ween pt*« lap and wave windings. The following points are considered for oont* 
parison: 
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1. Iii the.case of simplex lap winding the number of parallel paths is equal to the 
number of poles. Therefore, the current in each parallel path is 1/pth part of the rated 
armature current. Bach of the o*»p parallel piths in a simplex lap winding must develop 
an emf almost equal to the rated voltage. 

In the ca<e of simplex wxv: winding, the number of parallel paths is equal to 2. 
Therefore the conductors have to carry half of the rated current and each of the two parallel 
paths must develop a voltage almost equal to the rated voltage. 

This means that the number of conductors required in a simplex lap winding is p/2 
times that in a simplex wave winding but the cross-sectional area of each conductor in a lap 
winding is 2/p times that of each conductor in wave winding and therefore the total volume 
of copper used in both the windings is the same. 

2. It has been pointed out above that the number of conductors in a simplex lap 
winding is p/2 times that in a simplex wave winding. The larger number of conductors, 
with smaller area of cross-section, in the case of lap winding implies that the necessary 
insulation will occupy a larger percentage of the slot space than is the case with smaller 
number of conductors with large cross-sectional area when wave winding is used. There¬ 
fore wave windings are preferred for small and medium capacity machines and for high 
voltage and slow speed machines. 

3. The wave winding has smaller number of conductors and therefore there woukl be 
smaller number of coils. This reduces the cost of manufacture and repairs. 

4. Equalizer connections have to be used for a simplex lap winding while they are not 
at all required for a simplex wave winding. Provision of equalizer rings adds to the cost 
of the machine and complicates its construction. Therefore, wave winding is usually used for 
small machines. 


5. The wave winding, for its satisfactory operation is independent of precise spacing 
of brush gear, the main and the commutating poles, and of irregularities in air gaps. 

Oa account of the important advantages explained above it is still the practice to u:e 
wave windings so long as the output ad duty cycle of the machine make it possible. 

The factors discussed above do not mean that a wave winding is always superior to a 
lap winding There is a limit beyond which a lap winding is superior to a wave winding. 
It has been found that commutation difficulties are experienced when the current per 
parallel p \th exceeds about 200 A. This means that wave windings can be used for 
machines which have their rated current upto 400 A and beyond this limit of 400 A rating 
a lap winding should be used. 

The lap winding, owing to the necessity for equaliser connections, is more expensive 
and complicated than a wave winding, but it has many distinct advantages as under. 

1. The winding can be made short pitched. This results in a reduction in overhang 
length at both th3 front and the back. This reduction is particularly important in machines 
like traction motors where every means of reducing dimensions and weight are significant. 

2. Lap windings generally use even coils per dot. Therefore, it is possible to use 
more than one arrangement of the conductors in the slot in order to have the best compro¬ 
mise between reduction of eddy current loss and convenience in coil formation and winding. . 


S. In a lap winding each coil doses on itself at the commutator end, therefore tho 
coils are iff* 1 *** to form and to wind in the core than it the case with the wave winding. 

2-23. 


Generated emf in the armature : 

S m V +ie r m for a generator V . 

•mf—Im n» for a motor - j —1*12# 

V —terminal voltage and r««intenuJ resistance. 
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/•r» ii called the internal voltage drop. This can be found from Fig. 9'35, where 
its value in percentage of rated voltage is given as a function of Pxr.p.m. 



P m r.p.m. 


Fig. 9*35. Values of internal voltage drop and field air. 

The number of armature conductors is given by the expression Z— EafQnp. 

§‘24. Number of armature coile. Whenever possible, single turn coils arc 
used for lap windings, as a simplex wave w nding is perferred to a lap winding with multi- 
turn coils. For small currents, wave winding with multi-turn coils is used. The number 
of turns per coil and the number of coils are so chosen that the voltage between adjacent 
CTmimi tft™ ' segments is limited to a value where there is no possibility of a flashover. Large 
machines flash over when the maximum voltage between adjacent segments exceeds about 
2B V. For capacity machines there is no flashover with 35V maximum between 

adjacent segments. For very small machines this limit may rise to 60V owing to their high 
internal resistance. Normally, the maximum voltage between adjacent segments at load 
should not exceed 30V. 

Average voltage between adjacent segments at no load 

^•■■number of conductors between adjacent segments X voltage per conductor at no 
load 

m 2 X turns between adjacent segments X average voltage per conductor at no load 
m 2 X turns per coil X number of coils between adjacent segments X average voltage 
per conductor at no load. 

M2 2Vft* *< 9 *^ 


fV^turns per colt; «s«*average voltage per conductor at no load ; 
JfaMcoils connected between adjacent segments 

Mf/2 or 1 for simplex wave or lap winding respectively. 

Aretifa votage per conductor at no load • 
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Average voltage between adjacent segments at no load* 
E.~2T.N e B a ,LV* 

Maximum voltage between adjacent segments at no load*2ri^«JJ»IFi. 
Let Bm be rhe maximum value of flux density at load. 

Maximum voltage between adjacent segments at load 
Em—2 ToNt Bfm LV* 

—2 Tt Bm LV* for a lap winding 
—pTt Bm LV* for a wave winding 
Now Bm » usually 13 times B*. 

Bm- 2 T*N* X13 Bg LV *-2 TJf, Xl’3 LV*. 

Taking K/— 0 * 66 , we have : 

Bm *4 TcNc B„ LV**) TcNcU 

Bm 


..(915) 


.. (916) 
...(917) 
...(9-18) 


...(919) 


4 T,N» 


We have said that the m iximum value of voltage between segments at load, Em, 
lould not exceed 30 V. 

Average voltage per conductor at no load r*>7'5 }T«N*. 

The number of turns per coil T*—Zj20 where G is the number cf armature 


coils. 


From Eqn. 9*19, 


Em—4 X 2^" XN* t*—2Z—^ t§. 


..(9*20| 


Thus the minimum number of coils required in order that the maximum voltage bet* 
ween segments should not go beyond 30 V at load is, (from Eqn. 9*20) 

„ 2 ZN,e, 2 me. ZN, 


Now 


Em ' 30 15 * 

e*-Bm LV* 

n BN * D TXT ZN* _ , _ 
C-- j j- B** LV*—-^r- B*$ LnD% 


—(QZnp) 


N* BaN* 


15 15 

as p*—Bm nDL and E*—QZnp. 

For a wave winding a —2 and N»—pf2. 

Minimum number of coils required C— 

lo 15 

For a lap winding, a—p and N*— 1. 

Minimum number of coils required — ~?T" 

15 15 

Therefore, the minimum numbet of coils or commutator segments required is Bpjl5. 
Now BpJG is the voltage between each commute tor segment at no load. Consequently, the 
average voltage between adjacent commutator segments at no load should not go beyond 
15 Via order to limit the maximum voltage at load between adjacent segments to about 
IP V. 
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The number of coils should not be decided without a reference to the mechanical 
design of the commutator. Normally it is not possible to work with commutator segments less 
than 3 to 4 mm thick at the outer circumference. 1 he thickness of the mica between 
adjacent commutator segments about 0 8 mm and theicforc the minimum pitch of comrnu* 
taior segments is about 3+0'*8et4 mm. Thus the number of commutator segments should 
be such that the commutator pitch is at least 4 mm or pitch oi segment 4 mm, 

where D• is the diameter of the commutator. The diameter of the commutator varies 
from about 0*62 of the armature diameter for 35U/7O0 V machines to 0 68 for 200/250 V 
machines and 0'74 for 100/125 V machines. A preliminary value of the commutator diameter 
may be calculated for checking the number of coils. 

9 25. Number of armature alote. The following factors should be considered 
when selecting the number of armature slots. 

- 1. Mechanical dUHcolties. If we use a larger numbsr of slots, the slot pitch 
becomes smaller and consequently the width of tooth gets smaller. This may lead to difficulties 
in construction for the reason that it will be difficult to support the teeth at the ventilating 
ducts without obstructing the ventilation. 

2. Cooling of armature conductors. If we choose larger number of slots, the 
number of conductors per slot is less and therefore only a few conductors are bunched 
together. Thus the cooling of armature conductors is better if a larger number of slots are 
taken. 



Pig. 9 36. Flux pulsations with integral number 
of slots per pole arc. 


3. Flux pulsations. The flux pulsations i.e. changes in air gap flux due to sloUilgF 
give rise to eddy current losses in the pole faces and produce magnetic noise. WitHriiPKer 
number of slots, the flux pulsations arc reduced and therefore there is a reduction in ppm lace 
losses and in the noise level of the machine. 

Consider Fig. 9 36 (a) where the 
pole shoe covers 5 teeth and the flux passes 
from pole to armature through 5 teeth. In 
Fig. 9*36 ( b ), the armature has moved 
through | slot pitch to the right, and the 
flux from the pole passes into the armature 
through 6 teeth. Therefore, the reluc- 
tance of the air gap is greater for position 
shows' 4a Fig. 9 36 (a) and consequently 
the flux per pole is smaller than that for 
position of armature shown in Fig. 9'36 (6). 

Therefore, there would be flux pulsations in the air gap flux as the armature rotates. 

Let us now consider a case where pole shoe cover 5-1/2 slots as shown in Fig. 9 37 (o). 
In Fig. 9 37 (A), the armature has rotated through i slot pitch to the right. It is clear from 
Fig. 9'37 (a) And Fig. 9 37 (A) that the 
totu reluctance of the flux path and the 
flux per pole remain approximately 
the same for all positions of the arma¬ 
ture. Therefore the number of slots 
under the pole shoe should be an inte¬ 
ger plus 1/2. From Fig. 9'37 (a) and 
Fig. 9'37 id), It may be seen that the 
reluctance and the flux under the pole 
tipi is not the same for all positions of 
armature and that when the armature 
rotates, the flux under the pole mml * 
fatal between the pole tips. The oscillations of the flux would be small if the pole shoes 
art well bevelled, and when the length of air gap is large and the slot openings 
narrow. 



Fig. 9’37. Reduction of flux pulsations mint integer 
+1/2 dots per pole arc. 
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Tn order to avoid flux pulsations and oscillations* the air gap reluctance per pair of 
poles should remain practically constant. This is attained when the number of slots per 
pole is an integer plus 1/2. This means that the number of slots per pole pair should be an 
odd integer. 

, It is clear from the above discussion that the pulsations and oscillations of air gap flux 

are reduced to minimum when 

(») the number of .slots under the pole shoe is equal to an integer plus 1/2 

(is) the number of slots per pole is equal to an integer plus 1/2. 

In practice, however, it is normally neither possible nor desirable to fulfil both the 
conditions indicated above. Generally the slots under the pole shoe are an integer while the 
dots per pole are equal to integer plus 1/2. 

4, Commutation. Pulsations and oscillations of the flux under the interpole must 
be avoided, as they cause sparking. A large air gap under the interpdle and a large number 
of slots helps to reduce the effect of slotting upon the flux under the iuterpole, 

In fact, the number of slots in the region between the tips of two adjacent poles should 
be at hast 3, or 

(1—t|>)X slots per pole 3 

8 3 

Taking t|>“0'67, number of slots per pole, — > Y—O QJ ^ * 

Therefore, from the point of view of commutation, the number of slots per pole should 
at least be equal to 9. 

With a large number of slots, the number of conductors per slot decreases. This is a 
desirable feature from the point of view of commutation. 

5. Coat. A smaller number of slots are desirable considering the cost as the charges 
for punching the slots increase with their number. Further with smaller number of slots, 
there are fewer slots to insulate and therefore the cost of insulation also goes down. 

9-25 I. Guiding factors for choice of number of armature slots 

1. Slot pitch. The value of .dot pitch lies between 20 to 40 mm as extreme limits. 
The usual limit is bitween 25 to 35 mm except in the case of very small machines, where it 
may be 20 mm and even less. 

2. Slot loading. The slot loading i.e. number of ampere conductors per slot should 
not exceed about 15000 A or /». £*<1500 A. Where £«=number of conductors per slot. 

3. Flux pulsations. As stated earlier the number of slots per pole pair should be an 
odd integer in < rder to minimize pulsation losses. 

4. Commutation. It has been mentioned earlier that the slots per pole should be 
at least 9 in order to prevent sp irking. The number of slots per pole usually lies between 9 
to 16* In very small machines the number may go down to 8, as the internal resistance is 
high in their case. 

5. Suitability for winding. When selecting the number of slots, we must confirm 
that the number selected suits the armature winding as regards the total number of coils and 
the coil sides per slot. 

The number of slots per pole should not be less than that given in Table 9’5 : 

Table 9 5. Number of armature slots. 


Rating 

Slots per pot* 

upto 3 kW 

5 kW to 50 kW 

SO kW and over 

8 

10 

Hand over 


I 
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D.C. windings are always 2 layer type. Therefore the number of slots should be so 
chosen that the number of conductors per slot is an even integer. Also the number of con¬ 
ductors per si >t should be such that they are divisible by the number of coil sides per slot. 
If this is not done we would get turns per coil as a mixed number and not an integer. 


In the case of lap windings, equalizer connections are used. Therefore, the winding 
must be symmetrically arranged with respect to poles, that is, the number of slots must be 
a multiple of the number of pair of poles. 


For a wave winding 
Eqn. 6*11 page 239) 


C±J 

Pl2 


must be an integer in order to avoid dummy coil (See 


or 


y ’Ur 


should be an integer. 


where 5 s *number of stots and number of coil sidts per slot. 

Therefore the number of slot* 3 and the number of coil sides per layer u/2, should not 
be multiple of pair of a poles for wave winding in order that is an integer, as otherwise 
the winding would be unsymmetrical t.e., it would involve the use of a dummy coil. 


It should be noted that whereas in the case of simplex lap windings the number of 
slots should be a multiple of pole pairs, with wave wound machines, the number of slots 
should not be a multiple of pole pairs. 

9'26. Cross-section of armature conductors. 


Pa 

Armature current 10* 

The armature eurrent may be calculated from 
/a»»//+// f or a generator! 

=»/»-// for a motor J * (9 22) 

where; 7i=»line current and J/=»shunt field current. 

The value of If is taken from Fig. 9*35 page 521. Here 7/ is expressed as a percentage of 
full load current. Multiply the values of 7/ given in Fig. 9'35 by 0’5 for constant speed motors. 

Area of each armature conductor o t «*/«/8«s“7o3a mm 1 ...(9 23) 

where 3«®*cuTent density in armature conductors. A/mm 8 . 

The current density in armature conductors should be taken as high as efficiency 
and temperature rise conditions permit. This is because a large value of current density 
reduces the size of conductors and therefore th*re is saving in the cost of copper.' Also the 
slot area required becomes small and therefore shallow slots can be employed and use of 
shallow slots is beneficial for commutation conditions. 

The following values of current density may be used : 

(0 Large strap \yound armatures with very good normal ventilation—4‘5 A/mm*. 

(it) Small wire wound armatures with very good normal ventilation—5A/mm*. 

(Hi) High speed fan ventilated machines—6 to 7 A/uun*. 

For conductors having small area of cross-section, round wires are used. The required 
cross4ectional area may be obtained bylusing two wires connected in parallel. The standard 
lire of conductor is taken front Tables in Chapter 17, 
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For cross-sectional area above 10 mm 1 * square or rectangular conductors, are used. 
See Table 17*1 Tor sizes of bare copper strip. 

The maximqm depth of conductor that can be used in d.c. armatures is i bout 19 no 
where the frequency is 25 Hz. In cases when the fr qi ncy is rel ilively high, the conductor 
depth should not exceed 15 mm. If these dimensions are exceeded there would be appreci¬ 
able copper loss in the conductors because of eddy currents. In case the depth exceeds the 
above limits as with large high speed m ichines, it h necessary to laminate the conductors. 

9 27. Insulation of armature winding. Earlier d.c. machines were designed 
to withstand class A temperatures. These days the d.c. machines are designed for classes 
E, B and F in order to meet the demand for higher outputs from a given frame size. It if 
interesting to note that armature winding of medium and large size machines are frequently 
provided with class F insulation even if the rating of the machine is based upon class B 
insulation because it then becomes possible to overload th * machine. 

The windings of all modern low voltage machines of small ratings are made on high 
speed winders and are transferred mechanically to pre-insulated armature slots. The conductors 
are coated with polyvinyl acetal (p.v a) enamel. Sometimes the wires are double coated 
with the outer surface being abrasion resistant. In order to reduce the friction which makes 
high speed winding difficult the wire is coated with micrp-crystalline wax. 

The conductors for larger sizes of. machines are rectangular* in cross-section. The 
conductor insulation is fibte glass applied as braiding and impregnated with silicone or 
polyester varnish to reduce abrasion resistance 
during forming. The interlayer insulation is 
made of polynamide. Built up mica wrap backed 
by fine weaves of glass cloth is used as the slot 
insulation. 

The armature coils are retained in the slots 
by wedges made of an insulating material having 
a high mechanical strength. The wedges are 
made of bakelized former. For large machines 
especially those used for arduous duty wedges 
made of phcnolic-resin-bonded asbestos felt are 
used. These wedges have a high mechanical 
strength which is retained over the life of the 
winding. 

Fig. 9*38 shows the cross-section of an 
armature slot. 


The insulation arrangement for windings 
used for large machines having rectangular 
conductors and single turn coils is explained here. 

The individual conductors can be insulated by one of the various - methods described 
below : 

1. The insulating coverings on copper are applied by the manufacturer of conductors 
and the insulated conductors are then supplied to the machine manufacturer. The most 
important of these coverings are : 

(%) Gl.isj. nbiv applied as braiding and impregnated with silicone, polyester or synthe¬ 
tic var.jsh 

(»») Polyester or polyvinyl acetal enamel combined with a single or double fleas fibre 
lapping, the latter being impregnated with silicone, polyester or synthetic varnish. 



Conductor 

Impregnated 

glass tape. 

Mjca wrapper 

Wbven glass 
tape 

Separator 


Fig. 9*38. Cross-section of an armature slot. 
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2. Bare uninsulated copper conductors are supplied by the conductor manufacturer. 
The machine manufacturer applies a half lap layer of a tape on the conductors after 
forming and finishing the bare copper. The common!) used tapes are : 

(») A silicone*resin impregnated 0'075 mm thick woven glass tape. 

(«t) A single layer of mica splittings bonded with silicone resin on 0 03 mm thick 
backing of woven glass or between two layers of 0*013 mm thick polyester film. 

(Hi) A 0*05 mm thick layer of mica paper bonded with s iicone resin to 0 05 mm 
thick backi of woven glass. 

The greatest advantage of forming and finishing the bare copper before applying the 
conductor insulation is that a complete uniformity of insulation over the entire length of 
conductor is ensured, which is otherwise not possible with a pre-insulatcd conductor. 1 he 
insulation of a. pre-insulated conductor is invariably is damaged during the forming operation 
thereby causing additional expenditure. 

Conductors using mica tapes are used for high voltage machines (3000 V) while 
conductors using impregnated glass tapes are used for low voltage machines (upto 750V), 

The insulated conductors are assembled and bound together by a spiral layer by 
suitable woven synthetic fibre tape. The bound conductors are pressed and cured. 

After the first pressing operation of the assembled conductors, the main earth insula¬ 
tion is applied to the straight portions of the coil. The main insulation consists of several 
turns of a wrapper which consists of a number of layers of mica splittings bonded to a 
backing of woven glass cloth. The thickness of a layer of mica splittings is 0 1 mm. Shellac 
is used as bonding resin for class H insulation. 

If mica paper is used as conductor tape, the same along with backing of woven glass 
doth may be used as main insulation. 

The w/apped coil is then dipped in a suitable .dermal setting synthetic, epoxide or 
silicone resin and transferred to a heated press. The insulation is consolidated and cured to 
predetermined dimensions. 

In order to protect the insulation particularly in the slot portion, an overlapped layer 
0'075—0*125 mm thick woven glass tape lightly treated with silicone is applied throughout 
the length of coil. 

The coils are transferred to the armature after treatment and pressing. 

Glass banding is used for securing the armature end windings. This is in the form of 
a narrow tape comprising of unidirectional glass-fibre strands impregnated with acrylic- 
polyester resin bond. Glass banding has the following advantages over steel banding : 

1. The processing of glass banding is cheaper as no extra insulation is required (steel 
win used for banding has to be insulated from the armature overhang with flexible mica- 
nite and asbestos layers enclosed in a woven glass hood bound with impregnated woven glass 
tape). Also glass banding is self-setting. 

2. The kbsence of steel wire results in reduction of overhang leakage flux, giving 
a slight improvement in commutation. 

- 3. When glass bands are used there is considerably less damage in case there is a 

b a n d ing failure. 

11m thickness of conductor insulation m..y . ■< ..... - o > ,,iuj iV insulation 
thicknesses widthwiseand depthwise are given in Table 9*6. 

9*28. Slat dimension*. Hie following points should be considered when fixing up 
the dimensions of the dot. 
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Table 9*6. Insulation thickness. 


insulation Width Bopth 


nin 


Main insulation 2*0 3*2 

Insulation between layers 

(separator) — 1*0 

Wedge and lip — 3*3 

black 0*5 1*0 


Total 2-5 8*3 


1. Excessive flus density. The dimensions of the armature slots should be so 
;hosen that they will accommodate the armature conductors with the necessary insulation 
without producing excessive flux density in the armature teeth. The slots being parallel 
tided, the teeth are tapered, the value of slot depth should be n chosen that t te flux density 
at l /3 height from root of tooth does not exceed 2* 1 Wb/m*. 

2 Flax pulsations. Wide open slots produce greater pulsations of the flux in the 
air gap than slots with narrow openings. Since flux pulsations cause extra iron loss and are 
detrimental to the commutation the slots should not be too wide. 

3. Eddy current loss in conductors. With conductors having large depths the 
eddy current loss in conductors increases. Therefore, the depth of conductors should be 
limited to the values mentioned earlier i.e. 19 mm for 25 Hz and 15 mm for higher frequ¬ 
encies. The depth of slot in normal large size machines should be limited to such a value 
that is just sufficient to accommodate a 2 layer winding in which the conductor depth is about 
19 mm. The depth of conductor usually varies between 12'5 to 19 mm. 

4. Reactance voltage. With deep ilcts, the specific permeance goes tip and con* 
lequently the reactance voltage is high. This reactance voltage retards commutation. A 
high value of reactance voltage is particularly objectionable in non*interpalar machines. 
Therefore in non*interpolar machines, the ratio of slot depth to slot width is not allowed to 
exceed 4. For machines with interpoles deeper slots may be used because the interpoles 
produce a commutating field to compensate for reactances voltage. 

5. Mechanical difficulties. With deep slots, the thickness of teeth at the root 
may become too small, in which case they have to be supported at the duets and it may not 
be possible to support them without impairing the ventilation. 

It is possible to use increasing values for slot depth as the diameter increases because 
the increased tooth width which does not allow the flux density, to go beyond permissible 
limit and gives adequate mechanical strength. 

Table 9*7 shows typical values of slbt depth. 

Table 9 7. Slot Depth. 

_____« - - — - . 


Diomttor of armaturt 1 Slot Doptk 


m 


0*13 32*3 

0*20 27*3 

0*23 

0*30 37*3 

4M0 * 4W 

WO 4W 
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2'29. Armature voltage drop. The length of mean turn of armature winding can 
be estimated from the following relationship ; 

Lmgth of mean turn of armature winding L»i—2 jL+ 2*3r+5 d, ...(9*24) 

Projection of coil outside the core jL.mQ'Sr-f 1 25 d, ...(9*25) 

where L, v and A* are expressed in metre. 


Resistance of each conductor*"* 



p Lm* 


Resistance of each parallel path*" 


?L. JLhtL. 

a 2a« 


The 'o’ paths are connected in parallel. 

Resistance of armature r*—^ •■•(9’26) 

The value of resistivity of copper under normal cold conditions and for a temperature 
rise of 50°C is respectively 0 017 and 0’021 Q/m and mm*. 

Armature voltage drop—/rfo. 


9*30. Depth of armature core. Flux in the armature flux per pole*=*| <0. 

The flux density B c in the armature core can be taken between 1*0 to I 5 Wb/m 1 . 
The core is usually worked at a density of 1 *25 Wb/m* 


Area of armature core At* 


Depth of armature d»* 


O t 
B, 

1 

2 UBt 


JL ± 
2 Bt 

<b 


-LtXic 


..(9*27) 

...(9*28) 


Example 9*12 Find the armature voltage drop of a 800 kW, 800 volt, 8 pole lap 
connected d.c. generator having ISO slate with 8 conductors per slot. Area of each conductor 
is 25 mm* and length of mean turn is 2 5 m. The resistivity is 0‘021 Q/m and mm*. 


Solution. Parallel paths a—p=»6. Armature conductors Z—150x8—1 200. 


Z oLm 1200 0*021X2*5 

Resistance of armature fa-y 2 ~ *“6)*!<25~ 

Armature current —600 A. 


-0*035 Q. 


.*. Armature voltage drop—600x0*035—21 V. 

Example 9*13. A 250 kW, 500 volt, 000 r.p.m. d.c. generator is built with on 
armature diameter of 0‘78 m and a core length of O' 8 m. The lap connected armature hoe 
720 conductors. Using the data obtained from thie machine, determine the armature diameter, 
core length, number of armature elate, armature eondudore and commutator segments for a 800 
kW, 440 vlot, 720 r p m., 0 ptds d.e. generator. 

Assume a square pole face with ratio pf pole are to pole pilch equal to 0 00. The full 
load efficiency ie 0'9l and the internal voltage drop ie 4 per eent of rated voltage. 

The diameter of commutator ic 0*7 of ar m ature diameter. The pitch of commutator 
eegmentc should mat be lees them 4 mm. 

The voltage between adjacent segments ehoaU not ewosed IS V at no load. 
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Solution. 

350 fcW Generator 


250 


Power developed by armature /*«— —275 kW 


Speed 


gQ ** I 0 f«Pj« 


Output co-efficient C.--gfc - <0 . W> ”o'ix lo " 163 ' 


Generated voltage 
Now 


.*. Average flux density ^ M ^ m ' n 'DLZn 



500+0*04 x 500=520 V. 


kXX 


P J 


ZnZ-^nB* DLZ~ 


520x6. 

" n X 0*75 X 0*3 X 720X10 "° 61 Wb ' m * 


350 kW Generator 


Power developed by armature Pm 
Speed 

IPX- 


720 

60 

Pm 


350 
" °‘ 91 

>12 r.p.s. 

385 


=385 kW. 


-0198 m* 


Omn 163X12 

(Using the same value of Cm as obtained for 250 kW generator) 

For a square pole face X— «Jrt. X—0*66 X it X/6—0’345 D. 

Thus 0*345 X*-0* 198 

_43—0*835 m and X—0*29 m. 

Flux per pole~X„X ^yL-^*61 X -77*3 X 10“* Wb. 

Generated voltage#—440+0*04X 440—457*6 V. 

Number of armature conductors £—■-J—■ — y+j ' x^fr-s xt 2 X 6 l "*® 3 * 

Number of Biota: 

1. The dot pitch varies from 25 to 35 mm. Therefore number of slots vary from 
nx 0*835 


0*035 


HX0-835 

,73t ° w 


• 102 . 


2. The dots per pole should lie between 9 to 16 for proper commutation 
Therefore the number of dots lie between 6X9—54 and 6x 16—96. 

Therefore the range of number of dots hi be twee n 79 and 96. 

9. In a lap winding the number of dots should be a multiple of pole pain. Itia 
desirable that the number of dots/pole—integer+f This requires that the number of dots 
be an odd integer which is multiple of p/2—3. 
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Thus we can select the number of slots from the following (multiples of 6 » e. number 
of poles) : 75, 81, 87, 93. 

4. In order to reduce flux pulsations, the number of slots per pole arc should be an 
integer+J. 

With fif—87, we obtain slots per pole arc nearly an integer+i 
as ^S/p-0‘G6X 87/6-957. 

Winding. In order that voltage between adjacent segments should not exceed 15 V 
at no load, minimum number of coils required 

Bp 440X6 
* 15 “ 15 " 76 

Conductors per slot ^» , =493/87=*5 67. 

The conductors per slot have to be an even integer. Taking conductors per slot 

Z.- 6 . 

Number of conductors used Z— 6 X 87—522. 

Now we have to find out the number of coil sides per slot. 

The number of coils is Therefore, the number of coils is 87, 174 and 252 with 
2 , 4 , 6 coil sides per slot respectively. 

The minimum number of coils is 176 and therefore we cannot use »—2. With u—4 
the number of conductors per slot are not divisible by number of coil sides per slot and 
therefore cannot be used. With u =6 the number of conductors per slot is divisible by 
number of coil sides per slot. 

Using si —6 and 0—252. Number of commutator segments" 192. 

The diameter of commutator D e —O'7x0*835—0 585 m. 

_ it X 585 

Pitch of commutator segments p«— 25 2 — 3 mm> 

Example 9*14. A 100 kW, BOO V, 6 pole 450 r.p.m., d.e. shunt motor has the following 

data : 

armature diameter—O'64 m ; armature core length—O'246 tn ; 

average flux density in the ga/p—O'66 Wbfm *; number of duets— 2 ; 

width of each duet—10 mm ; stacking factor—O'92. 

Find the number of armature slots and work out the details of a suitable armature 
winding. Also work out the dimensions of the slot. The flux family in the teeth at 7/3 height 
from rooCshould noCexceed 21 Wb/m*. Assume a full hud efficiency of 0 69, an armature 
Voltage drop <4 5 per cent of rated voltage and field current 1 per cent of line current and a 
current density of 4 7 A/mm*. 

Cheek for tike following : 

(!) The slot loading should not exceed 1600 A, (si) the pitch of commutator segments 

not be Use than 4 mm (The diameter of commutator is O'65 of armature diameter ) and 
(M) Ac voltage between adjacent segments shornId not exceed 15 V at no load. 

The ratio of pole arc to pole pitch is 0‘6G. 


Back emf B-V—ls s*—500—0*05 X500-475 V. 
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100X10* 
500 X 0*89 


-225 A. 


Field current //— 0‘01 X225**2A. 

Armature current 225~2—223 A. 

It has been discussed earlier that a wave winding is preferred i&fess the current per 
parallel path exceeds 200 A with wave winding. 

With wave winding, o*-2. .*. Current per parallel path—223/2—111 ‘5 A. 

It is below 200 A and therefore a wave winding is used for the armature. 


Number of Conductors 


Pole pitch t —~ =» -0*283 m. 

Flux per pole 0-5* t 5-0*55 X0*283 XO‘245-38'2 X 10~* Wb. 

Speed n— 7'5 r.p.s. 

fj>U 

.*. Number of armature conductors 


475X2 

382 X10’»X/*5X6 


553. 


Number of Slots. 1. The slot pitch varies from 25 mm to 35 mm. 


Therefore the number of slots lie between 


uxO‘54 
0 035 


—48 and 


xx0*54 

0*025 


- 68 . 


The number of slots per pole should be atleast 9. 

.*. Minimum number of slots—6 X 9—54. 

Thus the range in which the number of slots lie is between 54 and 68. 


3. In a wave winding the number of slots should not be a multiple of pole pairs. 
Therefore in this case the number of slots should not be a multiple of 3. 


The numbers thus eliminated are : 54,57,60,63 and 66. 

The numbers from which the choice it to be made are : 

55, 56, 58, 61, 62,64,65, 67,68. * 

4. We have seen that in order to reduce flux pulsations the number of slots per pole 
should be an integer +|. If we do that the number oi slots would become a multiple of pair 
of poles. This is not desirable in a wave winding as in such a case a dummy coif has to be 
used. 

In order to reduce flux pulsations we should take the slots per pole arc as an in¬ 
teger +1. 


Number of slots/pole arc—5/p—0*66/6—0*11 5. 

With S—58 and 67 we obtain the Qumber of slots per pole, arc as nearly an integer 

plus f. 

Therefore in order to reduce flux pulsations we must either, choose 5-38 or 67 from 
the range of slots. 

Winding. la older that voltage between astyacent segments should not exceed 15 V 
at no lo«d 
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Minimum number of coils required <7* » JffiP *ft a»200 

15 J5 

The number of slots and coils should be so chosen that there is no appreciable change 
in the number of conductors provided and the number of conductors calculated. We must 
bear in mmd that the number of coil sides per layer in a wave winding should not be a 
multiple of pair of p les i.e. 3 in this case. 

Let us work out the details with 5*58 and 5*67. 


With S-58. 


Conductors per slot Z« 



956. 


But the number of conductors per slot should be an even integer. We can take 

Zi* 10. 

Nrraber of conductors used £*10 x 58*580. Therefore there is only a small change 
(about 5%) in the value of conductors calculated and used. 

We should now find out the coil sides per slot. 

With u*2, <7*ix2x58*58. *—4,. C«ix4x58«116. 

«=6, <7*1X6 X 58=174. *-8, <7-1x8x58*232. 

**1C, C«iX 10 X 58*290. 


The minimum number of coils is 200 and therefore we cannot use u=*2, u*4 and v*6 
as their use results in number of coils smaller than the required. We also cannot use u*6 
because in a wave winding, the number of coil sides per layer should not be a multiple of 
pair of poles, s e. 3 in this case. Thus we are left with u«8 and it* 10. 

With «*8, we have <7*232. 


Turns per coil T**-^- * 
and therefore we cannot use u*8. 


580 , 
2X232 


, a mixed number (not an integer) 


(This should become apparent from the fact that the number of conductors per slot 
should be divisible by the number of coil sides per slot). 

With **10, we have <7*290. 

» 580 

Turns per co3 T«* gx2 ~ 9(f Therefore we 8 et single turn coils. 

We cannot use values of u higher than 10 as in that case the number of conductors 
per slot is not divisible by coil sides per slot and this would result in fractional turn coils 
which are not possible in practice. 

Thus we have, 

number of slots S—58, number of coils C-*290, number of conductors Z=*680, 

aril sides per slot «*10, conductors per dot Z,**10, turns per soil T«*2. 

With 8*671 

* 553 

Conductors per slot Z»*-^- <*8’26. 


Conductors per slot has to be an even integer and therefore we take Z»*8. 
Number of conductors used Z*8 X 87*538. 

Let us find out the coil sides per slot. 

With «*2 ; <7*1X2 X67*87; **4, <7*1x4 x67*134; 

«*6; <7*1x6x67*201 ;«*8* <7*|X8X67*268; 

«*10, <7*|X10X67*»®* 
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Thu minimum number of coils is 200 and therefore we cannot use and tt=4. Also 
u®=6 is already ruled out. 

We should use «=8, as with this, the number of coils is more than the minimum 
require I and al'o the number of conductors per slot is divisible by coil sides per slot. With 
««*J0 and higher, the number of conductors per slot is not divisible by number of coil sides 
per slot and therefore they are scored out. 

With u~fi, we have, 0=268. 

536 

l orn, per mil TV- 2 >< T,gj —1- Thus we get single turn coils. 

H f r.ce wc havr, 

number of :4<>'a 8—67, number of coil a C~268, number of conductors Z=536, 

.am :uw. a per slot Z,=8, coil aides pet slot u—S, turns per coil !T«—T. 

;t f</.e finally deciding about the number of slots, we must apply the following 

check': 

j, Slot loading. Current per conductor /«*■ 125. 

With Z»= 10, slot loading—/■ £«—11T5X 10=*1115 A. 

With Z$= 8, slot loadings 11T5 X 8*892 A. 

The slot loading in both the cases is below the maximum allowable limit of 1500 
ampere conductors. 

2 , Commutator segment pitch. 


Diameter of commutator Z) e *=0 65 xO'54—0 351 m. 
With C=290. pitch of segments P—■ 

With 0-268, fr- 1 ” 4 ‘ 1 mm - 


3 8 mm. 


The minimum pitch of segments is 4 mm. Therefore we cannot use the design which 
gives 0—290. (The design with 5*=58 and 0—290 can also be adopted by using a commute* 
tor of little larger diameter). 

Thus the design with 8=67 is used. 

Winding Layout. 

op MR 

Back pitch y e ~y-±K= ~d:K=89. 

We take y»—89 as with this — is an integer and therefore we do not get split 

coils. 

0±1 268±1 

Commutator pitch y«= ——3-“***• 

Resultant pitch T—2 y«—178. Front pitch y/—F—|f»—89. 

Slot Design. Current in each conductor /*—111*5 A. 

111*5 

Area of each conductor «*— - —23*8 mm*. 

Rectangular conductors are used tot the machine. 
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—^e ^wature diameter is 0*54 m a'd therefore a slot depth of about 46 mm 
ifr® , conductors are ananged as shown in ... . . 

Fig. 9*39. Let us work out the preliminary details of the slot in / V 
order to see that the arrangement is feasible. 

Out of the slot depth of 46 mm the insulation including 'A // 

lip and wedge but excluding the conductor insulation etc. would 
take up a depth of 85 mm. The conductor insulation is 0*7 mm 
thick and therefore space taken by conductor insulation depth wise rESSSEm 
is 2X2X0*35—1*4 mm. 

Thus the space left for bare conductors depthwise mm 

46—8*5—1*4-36* l ITtiiTj — 

Maximum depth of each conductor (bare)*-18 mm. ^ mm 

Using a conductor with depth-17 mm. R, ‘ ^ 

23*5 

Width of each conductor—-jg-—1*3 mm. 

Space taken by base conductors width wise—1*3 X 4—5*2 mm. 

Space taken by insulated conductors widthwise—5*2+2x4x0*35—8 mm. 

Space taken by other insulation widthwise—2*5 mm. (See Table 9*6). 

.*. Width of slot—8+2*5—10*5 mm 
Net iron length 0*92(0*24*5*—2 X 0*01)—0*207 m. 

Armature diameter at $ height from narrow end—0*54—— X 0*046—0*479 m. 

o 

Tooth width at § height from narrow end 

■ y 0*479 

IFii/,- -10*5X 10“»-11*95X 10-» m. 

Thus density in teeth at | height from narrow end 

*» pQ 6x38*2X10*** ' A ' m 

Al/, “ ^8WtLt “ 0*67 X 67 X 11 *95 X 10"» X 0*207 " 2 06 Wb/m# * 

This is below the maximum allowable limit of 2*1 Wb/m*. 

The exact details of conductors and slot are: 

Bare conductor cross-section— 1 *3 X18 mm 1 . 

Insulated conductor cross-section—2 X 18*7 mm* 

The dimensions of slot are : 


535 
is used 


46 mm 


Slot Width 

Insulated conductor 

4x2 

—8*0 nan 


Mlin *t»—fatfap 

2x1 

•Matt 


Slack 


-0*5 mm 


Total dot width 


r,-10*5 axn 

4 
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Slot Depth 

Insulated conductor 

2x18-7-37-4 mm 


Main insulation 

1 x 1 — J-0 mm 


Separator 

—1*0 mm 


Wedge and Lip 

—3-5 nun 


Slack 

—11 mm 


Total slot depth 

—46 mm 



Thu* the slot size is 46 X 10*5 mm. Refer to Fig. 9 39 for insulation details. 

Example 915. A 500 kW, 460 F, 8 pole, 875 r.p.m. compound generator hoe an 
armature diameter of 11 m and a e ore length of O' 83 m. Design a symmetrical armature winding, 
giving the details of equalizer*. The. ampere conductors per metre are 34000. The internal 
aoltage drop is 4 per cent of terminal voltage and the field current is 1 per cent of output 
aurrsut. 

The ratio of pole arc to pole pitch is O'7. The voltage between adjacent segments at no 
load shruld mt exceed 15 V and the slot loading should not exceed 1500 A. The diameter of 
tyumUMnr is 0‘65 of armature diameter and the minimum allowable pitch of segments is 4 turn. 

Make other suitable assumptions. 

Solatia*. 

Type of winding. Generated emf Z—P+/«f»—1*04 X 460—478 V. 

_ 500 X1000 _, nn i| * 

Load current ——^-■■1087 A. 

Field current -“O Ol X 1087m l I A. 

Armature current J«—1087+II**1Q98 A. 

i Ago 

With wave winding : Current per parallel path /,» ———549 A. 

This exceeds the limit of 200 A per parallel path. Therefore a simplex wave winding 
cannot be used for this machine. 

109*1 

With lap winding : Current per parallel path /*«•—£——136 A. 

This Is within limits and therefore a simplex lap winding is used for Ait machine. 


Armature ampere conductors per metre oc— 
Number of armature conductors Z—a . 


/. Z_ 

* • * nD 

nD as 

n 


—8X 


UX1 1X 34000 
1098 


854. 
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Number of Slots 

1. The slot pitch varies from 25 mm to 35 mm. Therefore ih< .mnitvr »J'»!.*« 
„ tsXI* 1 * wXl‘l , « 

^ frora -ow -98 *° o^r -1 *■ 

2. The number of slots per pole vary from 9 to 16. 

The minimum number of slots is 8x9—/2 and the maximum number is <iX W 

-128. 

Thus the slots should be taken from the range 98 to 128. 

3. In order to have a symmetrical lap winding, the numb* r of .?.>ts: ? be a 
multiple of pair of poles, i.e. 4 in this case. 

Thus we can select the slots from the following 
100, 104, 108, 112, 116, 120, 124. 128. 

4. In order to reduce flux pulsations the slots per pole should be an integer -}■ Thus 
the slots should be selected from 100, 108, 116, 124. 

Further reducing the flux pulsations, we should make the slots per pole arc as an 
intet. er-fi- 

,S’-=*108 gives slots per pole arc approximately equal to an integer-b|. 

Winding. 

In order that the voltage between adjacent segments be limited to 15 V at no load, 
minimum number of coils <7— — ~ y ~" ~ —245. 

With 8-108 : 

854 

Conductors per slot—7*92. 

But the number of conductors per slot has to be an even integer. Taking conductors 
per slot £»—8, there will be a difference of nearly 1 per cent in the calculated value and 
the value used for conductors. 

Number of conductors used**8 X108—864. 

Now we have to find out the number of coil sides per slot. 

With n—2, <7—108; »=*4, <7—216; 

n— 1 6, <7—324; «—8, C?—432. 

Thus we cannot use •—2 or *—4 as they give the number of coils lower than the 
required minimum. 

We cannot use *—6 as in that case the number of conductors per slot is not divisible 
by the number of coil sides per slot. 

Talcing *—8 we have, <7—432. 

864 

Tuns per coil T«— 1. 

Before see finally deckle the winding details we must apply the following • 

1 Sid* I—Al— . 

Current in each conductor Ig—138 A. 
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i'. Slot loading®*/# . 2!*™ 136x8“ 1088 ampere conductor*. 

This is within the limit of 1500 Amp :rt conductors. 

2 Gorur utator segment pitch 

Diameter of commutator /?#«0'6f X J I *»0'715 m. 

n X?15 

Piu.h of commutator MiiMie .r a. -=———*»5 2 mm. 

432 

\ < higher thaii the minimum allowable value of 4 mm] 

Thus we have, 

number cf slots S~Jiit8 t number of eoils C—432, 

number of segments G—i32, 

numbr of soil sides per sb>, a—5, 

nutJ> t.'j conductor * pet <lci i, 

nwn'-et of turns per oil Tt~l. 

2 C 2 X 432 

Winding layout. B. ck pitch —p -^i*105. 

We take 105 as wit this in integer and therefore we do not get split 

coils. 

Taking a progressive winding: front pitch y/—y»—2“l05—2** 103. 

Commutator pit. i y<»+l and total pitch /■ +2. 

Equaliser Connection*. 

The nu nh> * iliU ■ s. >u!d be ".tween 10 to 20. In order to obtain symmetry the 
number ofcoib sh.imu u.‘ uiv.iible by number of nogs. 


Taking n mbet of rings 

ia=“12. 



Number v tappu.gs 

p 

12xf 

-48. 


~ 2 0 

2X432 


Equipo > ntial pt‘ch 

r„-~— 

P 

8 

—108 coils. 


2 C 

2X432 


Phase pitch 

X mJABS 

* m 

12X8 

-—9 coils. 
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DESIGN OF FIELD SYSTEM 

9 31. Pole Design. The design of poles involves, the determination of area of cross* 
section of the poles, their height and the design of held windings. 

9*31T. Aren of polee. Flux in pole body 

=leakage co-efficient X useful flux per pole *CiX4>. 

Thus the determination oi flux in the field poles involves the knowledge of leakage 
co-efficient. The leakage flux can be determined by the application of Eqn. 4 111 (page 17o). 
This relationship involves the knowledge of total flux and the useful flux which can be 
determined if the dimensions of the main poles are known (See Eqns. 4107 and 4108). 
But these dimensions are not known at this stage. Thus, in order to proceed, we have to 
assume a suitable value of leakage co-efficient. Table 9 7 gives the approximate values of 
leakage coefficient. 

Table 9-7. Leakage co-efficient. 


Output 

kW 

Leakage co-efficient 

Ci 

SO 

M2 to 1-25 

100 

Ml to 1*22 

200 

M0 to 1 20 

500 

109 tc 1J8 

1000 

108t. : !o 


The flux density in the sh->nk(p. ! 'S' dy l .. .. ,,«J to lie between 1*2 to 

17 Wb/m* for laminated poic, 

Cl® 

Area of|>' lc oh. i.k •••(9‘29) 


; \ length of pole is taken less than that of armature in order to permit end play and 
avoid magnetic centring. The difference in length is about 10 to 15 mm. 

Length of pole (0*001 to 0*015) ...(9*30) 

Width of pole shank (body) ...(9*3i) 

where £yi*oet iron length of pole eore«*0'9 Lp. 

However, for machines using laminated core for poles, the axial length of poles 
is equal to that of armature core and therefore Lpi^Li. 

9*31*2, Height of pole. The height of pole is decided by the ramf to be provided 
on the pole at full load. So the first thing would * be to find out the field mmf 
required at full load. In order to do so we must know the open circuit characteristics 
(magnetization curve) of the machine and in order to draw the magnetization curve for 
the machine, we must know the mmf required for the pole and the yoke, which can only 
be known if the height of the pole is known. Thus the field mmf required at full load and 
the height of pole are inter-related and can be known only when one of them is known. But 
at present neither of the two is known. 

In order to proceed with the design we assume the value of field mmf at full load. 

Fall load Bald nuaf. In order to prevent the effects of armature reaction becoming 
too excessive, the field system is so designed that the mmf developed by the field coil* is 
sufficiently powerful in ecopaxisoa with the mmf developed fay the armature at full toad. 
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In the case of all logically designed machines, there is thus a certain minimum value for 
the ratio of field ramf at full load, AT/t, to armature mmf at full load AT*, that is regarded 
as a safe limit. 


Dependi ig upon the duty which the machine has to perform, we should decide upon 
the value of thi ratio. The normal designs upon a ratio. 


ATn field mmf at fi ll loa i ... . 

. «=-- 7 -S-iTT— .■■11 to 125, 

Ad * a; mature mmf at full load 


...(9 32) 


9 32 Tentative design of field winding. Taking the case of a cylindrical coil, 
the end surfaces may be neglected while considering cooling. The inner and outer surfaces 
may be considered effective for cooling. Let, 

. 4 T/ 1 —mmf developed by field winding at full load 

height of winding, m ; d/—depth of winding, m ; 

cooling surface of field coll, m*T£»i—length of mean turn of field winding, m; 
/^resistance of each field coil, Q ; T/—number of turns in each field coil; 
a/—area of each conductor of field winding, m a : 

//—current in the field winding, A ; 

3 /—current density in the field winding, A/mm 1 ; 

Q/—copper loss in each field coil, W; 

9 /—permissible loss per unit winding surface for norma) temperature rise, W/m* ; 
5 /“copper space factor; p—resistivity, Q m. 

Cooling surface of field winding, neglecting top and bottom surfaces &—2£»i h/. 


Permissible copper loss in each field coil—£;/—2Z«t h/q/ ■■ .(9 33) 

Area of cross-section of field coil— hf d/ ...(9*34) 

Area of copper in each field coil— 8/ hf dj ..,(9 35) 

But area of copper in each field coil is also equal to Tf a/ 
or Tj o/—<S/ hf dj ...(9 36) 


Copper loss in each field coil Q/—//* JB/—//* ^19 ^ m t 

ay a/ ■ 

—V p LmtTjut ...(9*37) 

But Lmt T/ o/—volume of copper in each field coil 
Copper loss p x volume of copper. 

This incidentally proves that for a particular volume of copper, the copper lose is 
proportional to square of current density. 

From Eqns. 9*36 and 9 37, Q/- 8 /* p LmtSfh/df ...(9*38) 

In order that the temperature rise in the field coil does not exceed the specified limits, 
the copper loss should be equal to the permissible loss as given by Eqn. 9*33. 

Equating Eqns. 9*33 and 9*38, we have: 2 Lm* */?/— 8 / p Lmt 8f hf 


Mmf per metre height of field winding— 

m ? , W T r wm A (Substituting the value oSTfUf from Eqn. 9*; 
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“4/ 8/ p^S/df * ** ( from ^’39) 

-JIM* ...( 9 * 40 ] 

-Wxy/qjSfdf ...(941] 

with p mm 2 X 10~* Q*m and q/ expressed in W/m* and dj expressed in m. 

Therefore, for a particular temperature rise, the mmf per metre of height of field 
winding is proportional to under root of product of three factors : 

(t) qi —permissible lots per m* of -ooling surface excluding the top and the bottom 
surfaces. Its value may be taken as 700 W/m*. 

(is) £/ —copper space factor. Its value may be as low as 0'4 for small wires increaa* 
ing to 0*65 for large round wires and to 0*75 for large rectangular con* 
due tors. 


(**») d/—depth of winding. It should not exceed 40 to 50 mm otherwise the tempera* 
ture difference between the hot spot and outside would be very large. 

Table 9*8 gives the usual values of winding depth. 

Table 9*8. Depth of shut field winding. 


Armature diameter 
m 

Winding depth 
nun 

0*20 

30 

0‘3S 

35 

0*50 

40 

0*6$ 

45 

100 

50 

1*00 and above 

55 


The height of field winding hf can be calculated after assuming suitable values of df, 
8/ and qj. 

ATpX 10~ 4 

Height of field ^ * —(9 42] 

Total height of pole 

A?i«>Jhr4 *•+height taken by insulation and height wasted due to curvature of yoke. 

The height of pole shoe, he, is assumed to be 0*1 to 0 2 of height of pole. 

The He«g h* of insulation and the space wasted because of curvature may be taken ai 
about 0*1* to 015* depending upon the siae of the machine. 

9*33. Take. The dimensions of yoke are determined by the value of flux 4y carried 
by the yoke. The leakage coefficient for yoke is a little higher than that for the poles. Fran 
Fig* 9*40 it Is dear {hat the yoke earlier half of the total flux. 

Flux in the yoke *t«»leakage eo*eflkteittX } useful fiux per pole»i Ot #. 

The flux density in cast steel yokes if normally equal to 1*2 Wb/m* while in hu g ln a te <| 
fohmit is aboht 1*5 Wb/«n B , 
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Area of yoke and depth of yoke dy^QylBylvi ... ?9;43) 

where Bv*»flux density in yoke and Lg <=*net axial length of yoke 

In the case of cast steel yokes, the net axial length of yoke is equal to the actual axial 
length of yoke. 

For machines with laminated yokes the net axial length of yoke is equal to net iron 
length of armature. 

9 33 Magnetic circuit. The fundamental relationships for magnetic circuit 
calculations have aleady been discussed in Chapter 4. The magnetic circuit for a 6 pole 
d.c. machine is illustrated in Fig. 9’40, which shows that the magnetic circuit per pair of 
poles comprises the yoke, the pole the air gap, the armature teeth and the armature core 
below the teeth. 

Mmf required for air gap .4 7V’=*800,000 B§ Kg lg. (See Eqn. 4*37 page 128) 

The method of calculating mmf required for tapered teeth is explained in Art. 4‘4 3. 
page 131. 

Mmf for teeth ATi=aUXd» 

where oh—mmf per metre corresponding to flux density at J height from narrow end 
and d*=depth of slot. 

Mmf required for armatute core ATe^ahXU where ol«a»mmf per metre correspond¬ 
ing to flux density in core, and 

Z««)ength of flux path in core*=^^—~—--.(9*44) 



Fit- 9*49. Magnetic circuit of 4Le. machine. 
Mmf required for polo body AT?**ahXkgt 
where f^ammfpv metre comaponding to flux density in pole body. 
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Mmf required for yoke AT,—at, X l, 

#here ot» tt nunf per metre corresponding to flux density in yoke, 

end fe—length of flux path in yoke— *»+df) ..,(9 4 ^) 

The values of oli, a4, of* and at$ are taken from B-H curves of the materials used. 
Total mmf per pole at no load and normal voltage 
AT/e-AT,+AT,+AT.+AT,+AT,. 

Example 9*16. A multi-pole d.e. machine hoe the following dimention* s 

Cross-section of pole body—O'08 m* ; height of pole—0‘25 m ; erott section of yoke** 
0’06 m 1 ; mean flux path in yoke—0'9 m (pole to pole ); erott section of armature core—004 m* ; 

length of fim path in core—O'45 m (pole to pole ); area of pole face—012 m*; length 
of air gap—S mm. 

There are 12 slots per pole and the width of each tooth is IB mm (40 nun long). The length 
of machine »s O'33 m and the ratio of pole arc to pole pitch is 0’67. 

Find the mmf per pole to give a flux of 01 Wb. The relative permeability for teeth it 15 
end for rest of magnetic circuit is 1200. Assume a Hacking factor of 0 9. Neglect leakage. 

flotation. Mmf required for air gap AT,—Oh ^ lO^XO 5 ) 0 —3320 A. 

Mmf required for pole AT,—®, — ^ 10^x008 - 200 A ' 

Flux in yoke 0*1/2—0*05 Wb. Length of flux path in yoke 1*—0*9/2—0*45 m 

Mmf required for yoke AT.-005 X l200x J’x^xO-OS * 290 A ' 

Flux in core 0*1/2—0*05 Wb. Length of flux path in core i»—0*45/2 —0*225 m. 

0*225 

Mmf required for core AT,— 0*05X igoox 4 ' ax 10^X0 04 ” 1 ^ A * 


Teeth per pole arc-^ —0’tt7x 12* 
Flux in each 'tooth— —0*0125 Wb. 


• 8 . 


40X10*** 

Mmf required for teeth 4T»-0*0125 * 75 x4n X10"* X0*9X0*33 X015 
Total mmf required per pole-3320+200+290+180+1200-5190 A. 


*1200 A. 


9*34. Magnedaation carve (O.C.G.). The emf is directly proportional to flux if 
the speed of machine is kept constant. In order to construct the magnetization curve, it is 
necessary to calculate Otto mmf per pole required to establish different values of useful flux. It 
is normally sufficient to carry out $e calculations for dflfetect values of flux ranging 
fram 70 per cent to about 120 per cent of the value of the flux at rated voltage. Below 70 
perce nt ofthe useful flux at rated value, the reluctance of iron parts is insignificant in cook 
oarfissi with that of air cap and therefore die curve merges into a straight line. The values 
ofmmf per pole are normally calculated for voltage between 70 to 120 percent of normal 
rated voltage in tabufor foriq and the ma^oetbation curve is plotted fipm the rendu 
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9 35. Design of sfannt field winding. Shunt field windings for small machine 
employ coils of a few hundred turns of small section varnish covered wire. The insulate 
conductors are encapsuled in an epoxy resin moulding and fixed to the pole in a sing; 
operation. In large machines, the field current is large and therefore rectangular conductoi 
may be used. 

With fan ventilated machines, and high speed machines, sectionalized coils may t 
used. With these coils, instead of having conductors in one solid mass, they are woun 
in sections. These sections are separated by distance pieces so that ventilation spaces ai 
formed between them. The sectionalfased coils, therefore, result in improved ventilatio 
conditions. 


In shunt machines, the entire winding space along the height of pole is taken up b 
the winding while in compound machines, 80% of the winding space is taken up by shur 
field and the rest 20% by series field. 

Design Procedure. 


1. Assume a suitable depth dj, for the winding from Table 9‘8. 

2. Calculate the length of mean turn. The length of mean turn is 

Im-2(L,+b,)+2df —(9*4( 

3. In order to allow for voltage regulation, in generators assume that 15 to 20 pe 
cent of rated voltage is absorbed by the field rheostat. In the case field controlled motor: 
this allowance depends upon range of speed control. 


.*. Voltage across the shunt field winding"(0’8 to 0’85) V and voltage across eac 
shunt field coil is ; 


Et 


<0 8 to 0*85) V 
P 


...<9‘47 


as there are as miny shunt field coils as the number of poles and they are all connected ii 
series. 


4. Resistance of each field coil 1 

«/ If 

or area of shunt field conductor o/<— ...(9*48 

Thus the area of shunt field conductor is known from Equ. 9*48. 

5. Choose a suitable cross-section for the conductor. For small cross-section standan 
round wire sizes should be used as given in Chapter 17. For larger cross-sections square oi 
rectangular conductors should be used. 

6 . Calculate the winding height. 

The space for winding along the radial height is, 
height of shoe—insulation and clearance 

-*sl-(0* 1 to 0*2) Iff—(0*1 to 0*15) v ...(9*49 

7. Number of toms provided *..(9*50 

l 

where dr«space factor for the winding. The space (factor for round insulated conductor 
is 0*0 (4fc) a where 4 and it are diameters of bare end insulated conductor! resp e ct iv ely, 
(9ee pages 200 & 201). 
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In order to account for the additional space required for winding insulation, the 
space factor for the entire winding is assumed as ,S’/«0'75 (d/d,)*. The increase in 
diameter on account of varnish coating ou the conductors is assumed as 0 i mm. 

8. Find the resistance of each coil with Tf turns and area of cross-section of conduc¬ 
tors provided. 

Resistance of each field coil R t mmTjjJs^ 

9. Find the value of the shunt field current with the above value of resistance. 

Field current I/—E//R/. 

10. Check for current density in the shunt field winding. Current density t/"»l/f^/. 

The value of current density in shunt field should be between 1 '2 to 2‘5 A/ mm 1 In 
case of windings with air ducts it may go upto 3 5 A/mm'. 

11. Find the mmf provided ATj~lfTf. 

Check whether the mmf provided on the shunt field is nearly equal to the value 
required. If it is less than the required value, the depth of winding should be increased 
but if it is in excess the depth should be decreased. The calculations should be repeated 
till the value of mmf provided is nearly equal to the value required. 

12. Calculate the PR loss in each field coil. 

PR loss in each field coil Qi—IfRf. 

13. Calculate the cooling surface of the coil. 

Cooling surface of each coil S=*2Lmt (<*/+ d/). See Fig. 3‘59 page 112. 

14. Assume a suitable value of cooling coefficient from Table 3 6. (Page Hi) 

« m . 0 14 to 0*16 

Cooling co-efficient e* -■■■ , 

I "rU I Ka 

15. Calculate the temperature rise of the coil. 

Temperature rise !■* ~ C . (See Bqa. 352 page 74) 

% % ( The value of temperature rise should be within the limits specified. If the tempera¬ 

ture rise exceeds the specified limits, assume a greater depth for winding and repefct the 
calculations. 

9*34. Deeign of aeries field. The series field winding is wound with rectangular 
conductors. The conductors may be flat wound or wound on edge. The insulation 
between the turns of series field depends mainly upon whether the coil is flat-wound or 
wound on edge. In flat wound copper coils, the iptt r turn insulation consists of a tape 
slightly wider than the copper strip. The tape is composed of dry asbestos paper with 
thickness of asbestos varying between 0*2 to 0 4 mm in thickness. In flat-wound coils, which 
usually consist of two or more sections, the insulation between sections is a washer of 
about 0*1 to 05 mm thickness, consisting of micanite or of a composite material made up 
from asbestos paper and woven glass cloth polyester varnish bonded and pressed to tiae. 

In order to provide the main insulation, the series field- conductors along with those 
of shunt field are epoxide moulded or cast resin mutated (encapsulated). 

The mmf to be provided on series field at full load usually lies between 15 to 25 pef 
cent of armature mmf and feu* normal machines it may be taken aa 20 per cent. 

Mmf of series field per pole AJ*—(0*I5—0’25) AT*. 

Number of series field turns Ti~AT/I» 

Aron of series field conductors sk^/yib ' 
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The current density used for the series field has a somewhat higher value than that lor 
tile shunt field owing to better cooling conditions. 

SOLVED EXAMPLES 
Design of field coils 

The method for solving problems on electromagnet coils is given in Art. 5'4 page 198. 
A few examples have also been given. The student is advised to first go through the 
examples given there before solving problems on field coils of d.c. machines. The 
equations derived earlier for coils of electromagnets are valid for d.c. machine field coils. 
In fact there is no fundamental difference between them. Refer to Fig. 3.59 (page 112) for 
reactangular coils and to Fig. 5 6 (page 198) for circular coils. 

In the following examples, area a/ has been expressed in mm 1 and the rest of the 
dimensions are in m. The value of p used is in Q/m and mm*. White using different 
■ units proper conversions should be made. 

Example 917. The following particulars refer to the shunt field coil for a 440 V, 
0 pole, d.c. generator :■ 

Mmfpet pole—7000 A ; depth of winding **50 mm; length of inner turn—11 m; 
length of outer tum—14 m ; lost radiated from outer surface excluding ende—j 400 W/m *; 
spacef actor—0t>2 ; resistivity—Q’02 Q/m and «s^. 

Calculate (a) the diameter of wire (6) length of eoil (o) number of turns and Id) exciting 
current. 

Assume a voltage drop of 20 per cent of terminal voltage across the field regulator. 

Solution. 

Voltage across the-shunt field wmdmg«K0’8 X 440=-352 V. 

Voltage across each field coil X/«*352/6">58'7 V. 

Length of mean turn Imt —-- - -- »] ’25 ro. 

Area of field conductor a t m^JsL m Z22 *l 1 . mm*. 

Diameter of bare conductor d— 1 *95 mm. 

Numberofturns S’/- xiO*-^^^5. Xh'*-r04X10*h/ ...(»; 

Area of outer surface excluding ends—Z* hf—V4 hj. 

Permissible loss Q/-I400 X 1*4 hr- 1960 h/. 

Field current //*■-%" 33‘4 h/. 

-Ef 5fr7 

Now AT/— If 27-33*4 h/T/-7000 (given) or T/—210/A/ ...(it) 

, Equating (I) and (it) we have#-* 

910 

Tfiml04x 10* A/X~ -2184X10*. 

, Number of turns In each field coll 3V—1475. 

Resistance of each field roll Ef-Tf - . 14 7 5x ^ x V 2S -124 Q 
FWd current If-Efl&r- 58*7/l2*4-4‘73 A. 

Honoe, height offield colt hr— —°* 14g ». 
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Example 4*18. A shunt field coil has to develop an mmf of 9000 A. The voltage drop in 
the eotl is 40 IT, and the resistivity of round wire used is 0 021 0/m and mm * The depth of 
winding is 35 mm approximately and the length of mean turn is I'd m. Design a coil so 
that the power dissipated is 700 W/m* of the total toil surface (i.e- outer, inner, top and bottom). 
Take the d’ameter of the insulated wire 0'2 mm greater than that of bare wire. 

Solution. 


Area of conductor g/» 4?V P 1^ ^ 9000x0 021 X l mm t 

Ej 40 

Diameter of bare conductors d**2'9 mm. 

Diameter of insulated conductor di>«2’9+0'2»3‘l mm. 

Space factor #/^0'75(d/'7j)*-«0 , 75(2'9/3 , l) , -»0‘66. 

Total winding area Am** d/ X 0*035 hf. 

Total area of conductors»0'66x0'035 A/*=>0‘0231 hf. 

Winding area is also equal to T/a/X 10“* (as aj is expressed in mm*). 

.*. T/o/X 10~*=0 023l hf or T/» Q ' 02 ^,~ i A,=»3 5x 10* hf. 


Total dissipating area of a coil considering all surfaces 
-2 Lmt (A/+i/)-2x 1-4 (V+0’035)-2*8 5/+0 098 
.*. Permissible loss $/-700(2*8 5/+0098)*-1960 */+68*6. 

Permissible loss Qf^Ij* l?/-» 

Rt T/ p Lmt 


(40)* X 6*6 0*36X10* 


T/X 0*021 X14 

Equating (is) and (its), we have, 
0*36X10* 

3V 


1960 V+68-6* 
Equating (i) and {in) 


T, 

or T/» 


0*36X10* 
1960 */+68’6 


S‘5X 10* */- ]g60 j /+68 . 6 or A/~0*15m. 
0*36 x 10* 

/. .Number of turns Tr* 1960 x 0 15+68 6 " 933 ' 
Permissible Iocs ■■386 W. 




-Hi) 


...{Hi) 

—(in) 


,*. Field current 1/—^-""*905 A. 

Example 919. A 3 pole, 500 V d.e. shunt generator with all the field ooils connected 
in aeries requires on mmf of 5000 A/pole. The poles are of rectangular dimensions, 
120X200 mm* and the omilewc winding arose section ie 120x25 mm*. Determine: 

(e) Ac eroea s ec ti on area of wire, (b) Os number of tune, 

(e) the dissipation (x Wfnfi based upm the area of (he outride enrfaoe and the two end 
gerfsssee of the gutl* 
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A conductor of round croaa-section it used. The resistivity is O'Oi Q/m ond mm* and 
the insulation on the wires increases the diameter by 0'2 mm. Allow a voltage.deop of SO F in 
the field regulator. 


Voltage across the shunt field winding—500—50—450 V. 

Voltage across each field coil i?/—450/8—56‘25 V. 

Length of mean turn JW—2(Z*+6j»)+4ti/<*2(200+120)+4 x 25 —740 mm—0*74 m. 


, \ A r L .cu j A1 f p Lmt 5000 x 0 02 xO 74_ , , on _ « 

(«) Area of shunt field conductor a/— —-—1 32 mm* 


56*25 


(b) Diameter ol bare conductor d—13 mm. 


Diameter of insulated conductor dj— 1*30+0*1 — 1 *4 mm. 
Space factor £/—0'75 (d/dj) 1 —075(13/1 4j*—0*65 
Space for conductors—0'65 X 120x25—1950 mm*. 

,*. Number of turns Ty-1950/l 32—1480 


Resistance of each field coil 3/— 


1480 X 0 02 X0*74 
1*32 


— 16*6 O. 


Shunt field current 


• 56 25 _ o.an a 

3 39 A * 


Mmf provided ATy-3 39 X1480-5017 A. 

(e) PR loss in each field coil Qy-/y* U/-{3 39) 2 X 16*6-190 8 W. 

Length of outer turn Z*—2i«t+2d/—6904*4 x 25—790 mm—0 79 m. 

Cooling area of outer cylindrical surface, and the top and the bottom surfaces 
8 *Le h/+ 2 Lm dj (See Fig. 3 59 page 112) 

-0*79 x 0 12 +2 x 0 74 X 0 025—6*132 m*. 


Dissipation ;y-Qy/5—190*8/0*132—1445 W/m*. 

Example 9*20. A SO h.p. 4 pr>le 480 V, 600 r.p.m shunt motor has a wave wound 
irmture with 770 conductors. The leakage factor for the poles is 12. The poles ore to be of 
■■ircular in cross-section, the field coils are 70 mm thek and produce anknmfof 10,000 A per 
tole. The flux density in the poles is 1'S IF6/m* Calculate the 

(a) diameter of pole, (6) diameter of field wire, (c) length of field coil, 

(d) turns per pole and, (e) field current. 

Keep 20% of voltage applied to shunt field coil fa reserve for speed control. 

Assume that the thickness of insulotion over w.res is C126 mm, perm is s ible lose ie 
1600 W/m * of external cylindrical surface. ResistiV'ty of copper is 0 02 O/m Mf mm*. 


Solution, (a) Speed a—jj—10 r.p.s. 

U " ful flu, fwr pole -II * X HP W* 

Flux in pole body leakage factor X useful fiuaper pole 

~i*2xsi 2x io-»«s7*4x Hr* wi>; 

Area of each pole ^/B,— 374X10“*/ 1*5— 25 X UT» m*. _ 

or diameter of each pole X25X 10“*^ / *—0*I6m, 
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W Length of mean turn L*«K(Z^+g/)«it(0 18+0 07)-0*785 m. 

Voltage across each shunt field coil £7—0 8x480/4—96 V. 

Area of inductor 

Diameter of bare conductor d— 1 ‘45 nun and diameter of insulated conductor 
1’45+0-25-170 mm. 

(c) and (d) Outer diameter of the field coil—0 18+2 x0*07—0’32 m. 

Length of outer turn £ 0 —n v 0*32 at 0 m 

Outer cylindrical surface-*/ A/X 1 —A/. Permissible loss <?/-* 1600 A/. 

Field current //—^//£/» 1600 A//96—16 7 A/. 

Now, field mmf-7/77-16 66 A/77-10(00 (given) A/77- 1 ?!*!?--bOO. 

lo 7 


Space factor 5/-0 75 (4 l d l )«-0*75(l*45/l , 7)*-0 546 

Tfmk S£h ,JfX 10« = ^4^/x£07xl0l =a23 . 3 
o/ 1 64 

From (*) and (is), we have t 2V 1 —600 X 23’3 X 10* or 77—3740 
From (t)» height of field winding A/—600/3740—0'16 m. 

(e) Resistance of field coil R/-3740X H l-35‘8 Q. 


(«) 


Field current//— 72V/jRy—= 96/33*8=2*68 A. 

Example 9*21. Calculate the size of conductor and number of twns for the field coil 
of a 6 pole, 460 V, d.c. shant motor. The coil is to supply an mmf of 4000 A at working tem¬ 
perature, the length of inside turn is 0 74 m, the, l-nyth available for binding is 0‘lb m, (he 
space factor for the tbinding is 0 62, and the permissible dissipation from external surface 
excluding the ends is 1200 W/m * Solution should not be attempted by assuming a numerical 
value for winding depth. Resistivity of conductors is 0 02 Qfm and mm % . 

Keep 16% of applied voltage as reserve for speed control. 



Voltage across shunt fi.ld winding—0’85 X 460—390 V. 

Voltage across each field coil A?/**390/6—65 V. Let the depth uf winning be dj 
.*. Length of mean turn I*u—2x+4 d/— 0*74+4 4 /, 
and length of outer turn Lg **Lm i+2 d/—0 74+8 dj. 

External dissipating surface of each coil excluding top and bottom surface 
S-Z* A/-(0 74+8 d/)x013—8*0961 + i 04 dj 
Lois dissipated Qp » 1200(0 0962 -t* 1 ‘04 d/) 


Alao 


a/ uj 

mJ-L x 4000 X 0*02(0*74+4 4/)-— 
®/ */ 


•..<o 

...<«) 


•m 


where at is expressed in mm*. 

Total ana of conductors—8/ */ d/—052 X O’ 13 d/— 0 0676 dj ■••(<*) 

Bat, total conductor area-2 1 / o/x 10“* 
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Area of each conductor o/« 


O’0676*d/X 10* 
* Y f 


Substituting this, we have value in (iii) 

loss dissipated (59*2+320 dj) dfX j 0 « **0 0678 d/X 10 ,X4 ^°° 

3*5 X 18*94 d/ 

" d, 

Equating (ii) and (ei), 115+1248 

Depth of winding d/—0'0273 m—27'3 mm. 

From Hi) loss dissipated #/-115+1248 X 0*0273- 149 W. 

Length of mean turn £**—0*74+2 d/—0*74+2 X 0*0273—0*795 m. 

i .. . ?Lmt 4000 X 0 02 X 0 795 

Area of field winding conductor a/*=IfTf —-jjj--* 


...(«) 


...(ei) 


*0978 mm* 


. m 0"0676 d/X 10* 0*0676 x 0 0273 X10* 

From (ei), number of field turns 27“-—-—--Q.gyg-“1887. 


Example 9‘22. A rectangular field coil is to produce an mmf of 7600 A when dissipating 
220 W at a temperature of 60°C. The inner dimensions of coil are : length**0 24 m, width 
*•010 m and height*=015 m. The heat dissipation is 30 WlmP—'C from the outer surface, 
neglecting top and bottom surfaces of coil. Temperature of ambient air is 20°C. Calculate 
the thickness of the coil, the space factor and the current density. Resistivity is 0 02 Q/m and 
mm 9 . 

Solution. The winding, instead of having rounded off corners, has sharp corners or 
in other words, it is a true rectangle. 

Length of inner turn Li—2^0*24+0*10)—0*68 m. 

Length of mean turn—0 68+4 dj. Length of outer turn Z/ 0 —068+8 d/ 

Temperature rise 8—60—20— 40®C. 

,*. Loss dissipated per unit surface j/—30 X 40**1200 W/m* 

based upon outer surface excluding ends. 

Permissible loss CV“220 W. Outer surface area required™220/1200—0 1835 m a 

..(i) 

Outer surface area excluding ends—£#5/—(0*68+8 df) X0'15 ••■(ii) 

From (i) and (ii), we have : (0 68+8 d/)x0‘ 15-0* 1835 
or depth of winding d/— 0’0682 m ea 68 mm 
Length of mean turn Lm—0'68+4 d/—0‘68+ 4 x0*068—0*952 m. 

"Permissible loss Q/—//* —(1/27). P Imt 

Substituting the values for 1/27, Lmt and p in the above expression 

0/-7000 X — X 0*02x0*952- 133 — -(Mi) 

a/ a/ 

But Ifjas is the current density in A/mm f 

Current density */—1||- “ 1 *65 ‘A/ma*. 

9 * 

Total area of conductors—T/a/X 10~* 

—T/^-XKT* -™?X 10" 4 —0*00424 m*. 
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Total area for winding ih*=5/X<fy«*Ol5xQ*Q68=0'0102 m* 


Space factor Sp 


total area of conductor s 
total area of winding 


0 00424 
0U102 


—0*416. 


Example 9‘23, A 6 pole, 220 V, 200 k W dynamo i$to be level compounded. The mint 
required per pole is 7500 A at no load and 0000 A at full load. Calcplate the number of series 
turns per pole, and show a suitable arrangement for these turns. The htight of winding is 
O' 15 m, the field coils are 50 mm thick and fit around at squar e pole of 0 23 m side Calculate 
the diameter of shunt field conductor. If insulation increases the diameter by O'J mm, calcu¬ 
late also the shunt field current. Resistivity is 0 02 Q/m and mm*. 


Keep 10 % of the voltage across the shunt field in reserve. 

Solution. The mmf required at no load is developed by the shunt field while the 
extra mmf required at full load is developed by the series field. 

Mmf of shunt field winding=7500 A 
and mmf of series field winding AT.-9000— 7500—1500 A. 

Line current at full load 2i=-— >b909 A. 

Assuming the generator to be short shunt. 

Current thiough series field /,= /i=-{J09 A. 

Series field turns per pole T$ = 1500/909=. ‘65. 

This is a mixed number. Tnc number of turns should be an integer. 

Divide the series field in three parallel paths. 

Current per parallel path **909/3=303 A. 

.*. Series field turns per pole**l500/303fiu5. 

Thus there are 5 turns connected in 3 parallel paths. 

Two parallel paths have two turns each while the third parallel path has one turn. 
The path with one turn has a resistor connected in series with the turn, the resistor has 
resistance equal to the resistance of each turn. 

Shunt Field 


mg 


Length mean turn JUu"-2{0‘23 +0 23)+4 x0*05«l’12 m. 

Voltage across shunt field winding—O' 9 X 220** 198 V. 

Voltage across each field coil ■#/«» 198/6=33 V. 

Area of shunt field conductor a/— * =5*09 mm*. 

Diameter of bare conductor d=*2’54 mm 

Diameter of insulated conductor di =2*54+0* l =2’64 mm. 

Assume that the winding height taken by shunt field is 80 per cent of the total 
height available, the rest £0 per cent is taken by series field. 

Height of shunt field winding */—0*8x0-15=0* 12 m. 


Space factor 5/= 0.75 


\2*64/ 


>0694 


Number of turns 5F/= 


0694X0*15X005 


5*09 


« « 1022X002X1*12 

Now, Mrm — 


=1022 




4*50 and I/-^-7 S3 A. 
Mmf provided by shunt field=7*33x 1022—7495 A. 
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COMMUTATION 

y 37. Commutation phenomenon. When the commutator segments to which the 
armature coils are connected pass under the brushes, the armature coils are successively 
transferred from one parallel path, in which the current has one direction to an adjoining 
parallel path, in which the current has the opposite direction. During this period, the 
coils are short-circuited by the brush and the current must be reduced from its original 
value to aero and then built up to an equal value in the opposite direction. This process 
is known as commutation and the time during which it takes place is called the time of 
commutation. 

One of the most important limiting factors on satisfactory operation of a d.c. machine 
is proper commutation. Good commutation conditions require the transfer of necessary 
armature current through the brush contact at the commutator Without sparking and without 
excessive local losses and heating of brushes and the commutator. Sparking at the brushes 
results in destructive blackening, pitting and wear of brushes as well as the commutator. 
A' worsening of these conditions may lead to burning of copper and carbon. The reasons 
for bad commutation may be both electrical and mechanical in nature. The former 
conditions are seriously influenced by the armature reaction and the armature leakage 
flux. 

Consider the case of an idealized winding with single-turn full pitch coils and brush 
wi 1th equal to the width of a commutator segment. Fig. 9 41 shows the conditions in a 
particular coil (s.e. coil 1 shown with heavy line) as the commutator segments to which its two 



(°) (M . (c) 

Fig* 9*41. Coil undergoing commutation. 

• ' 

ends are connected pass under a brads through which a constant current /» flows. 

* Initially s.e. just before the commutation of the coil 1 is to begin, the coil current is 
+/«—J*/2 as shown in Fig. 9*41 (a). (The coil current /*«/«/«). 

•Finally, i.e. just after the commutation of coil 1 is to end, the current is — /••■1W2 as 
shown in Fig 9 41 (c). Fig. 9*41 (6) depicts conditions during the process of commutation. 

•The commutation of coil 1 takes place during the time segments laud 2 are short-circuited by 
the brash. The commutation tafias when the leading edgeef the brash just starts touchiag.seg- 
ment 2 while the commutation ends When the trailing edge of brush just stops touching stamen! 

t. ,, 
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Therefore, during the time of commutation the current change from +/* to —I* and 
the total change in current is 2 J»"*2 /*/«. * 

The time 0/ commutation U in this case, is the interval between the time when the 
leading edge of the brush just touches segment 2 and the time when the trailing edge of 
brush just leaves segment I. 

If we neglect the thickness of the mica strip, the time of commutation of one coil is 
given bv : 

If the thickness of mica Strip is considered U*+(k—tt)/Ve 
where F e =« peripheral speed of commutator, m/s ; 

thickness of the,brush, m; ' •'thickness of mica strip, m. 

If we assume that the thickness ft of the brush is equal to pitch of a commutator seg¬ 
ment, then the brush can short circuit one coil at a time. Just at the beginning of short circuit, 
the brush covers one complete segment. The average current density ui the brush is 
therefore given by : ii>i«*)*=*2 l*jAi—2 IJaAs 

where At> is the area of the brush. 

9'3S. Form of current in coil undergoing commutation. During the commu¬ 
tation the current in the coil is not constant but is changing. Let us denote it by t, being 
positive in the direction shown in Fig. 9‘42. The form ol the current during commutation 
will depend upon the resistance of and the emfs induced in the commutation circuit. 

The resistance in the circuit consists of : 

,(i) the resistances r* and r t of the two contact areas between the brush and the 
two commutator segments, , 

(»'») the resistance 22/ of each riser, (ti) the resistance R» of the coil. 

The emfs induced in the coil undergoing commutation are the : 

(it) emf of self induction or statically induced em/. The current in the coil changes 
from +/* to -7s and the coil has a sell-inductace owing to slot leakage and overhang leakage 
flux. Therefore, a voltage is induced in the coil due to change of flux linkages. Thu is also 
known as the reactance voltage. 

In d.c. machines, there may be several coil sides per slot. The statically induced 
emfs may be due to self-inductance.of a coil side and mutual inductance between coil sides in 
the same slot. 

(ii) dynamically induced emf or rotational emf l 

The source of production of rotational emfs are explained below t 

1 ) If the brushes are left in the geometric neutral position, the armature reaction pro¬ 
duces a field there, when the machine is loaded. The armature coils cut through 
this field and a rotational emf is produced in them. 

(6) If the brushes are given a shift, the armature coils actively cut through the field of 
the pole towards which the brushes are. shifted and thus there is a rotational emf 
produced in them. 

In view of the resistances and the emfs listed, the commutation process becomes highly 
complicated* 

9'38>.1„ lUsiatnace commotafloa. Let us first consider the idealized case, where¬ 
in the rotationaleref and the reactance voltage produced in the coil undergoing commuta¬ 
tion are neglected. Under this condition, as i* explained below, the brush contact 
.resistance is the mail) factor, helping :the current reversal and the commutation In .thisnase 
Is known as resietame c omm utati on- . 
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Referring to Fig. 9 42 which represents the position of the brush at a time * after the 
commutation begins* we obtain the following relations. 

* 1 *=/.—* and ».**/.+». 

The thicknesses of the portions in contact with the two brushes a r e • 
leading edge : \b\—h . t/U, and 
trailing edge : (1 - t/tc). 

Let Rb be the total contact resistance of brush and A bl and Ab t be the areas of contact 
of the bru*h at the entering an J leaving edges respectively. 

.'. Resistances of two contact areas are : 
leading edge : r^Rb . . it . 

«*i l*s t/tc 


.railing edge : r,-S. . 

On the assumption that no emfs are present in the short circuit paths, the sum of all 
voltage drops, according to KirchofTs law, must be equal to zero. Thus, 

»R#+i*(Rr+r*)—»i(iRr+ri) * Q 

where Ri and Rr are resistances of coil and risers respectively. 


Substituting the values of i u r, and rj in the above relationship. 

/.-ft )( )( j-Uo 


Solving the above equation we have : » 


It (1—2 t/tc) 

H-KiWt'-mft 


where JT l -(R,+2Rr)/R*. 


•..(9-51) 


However, the values of resistances of coil (R c ) and risers (Rr) are quite small 
compared with the brush contact resistance Rb and therefore, K^O. 

Hence, wht re resistances of coil and risers are negligible and the rotational emf and 
the reactance voltage neglected, the current in the coil undergoing commutation is given by 


■'■ Myti'-v 


•••(9 52) 


Therefore, the curve for t over the time period /«is linear as shown in Fig. 9’43. 


Hence we codclude that if the brush contact resistance is made very large, the current 
in the coil undergoing commutation follows a linear law or a “atraight line commutation" 
results. 


Therefore, if brushes of high contact ressitance are used and the emf in the coil under? 
o jing commutation is aero, a straight line commutation is obtained; 

Let qs examine the value of current density in the brush at any time I. 

Current at the leading edge 

*i<“/i—*••/*■*“/. (l *—?/<.)**/.. 

Area of brush carrying this current. At,t'-Ae tbJti—Ab . tjlu 


Current density in the leading edge of the brush 
Current at the trailing edge 

<»«-/.+*-/*+/.0 -2*/i.)-2/« 

« 


. . /..»/<• n. . 



o.c. Machikbs 


SIS 


Area of brush carrying this currmt Ab t -Ab . tvJh^Abd ~t/t e ) 




Fig. 9*42. Resistance commutation. 


Fif 9*43. Straight line commutation. 


Current density at the trailing ci ne St, — 

8 Ab{ 1 — t/te) 


2I t 
B Ait 


The current densities at any instant in both leading and trailing edges of the brush 
equal to the average current density 6 8 ® es OI tne Drusft 


• w / 

or in other words every section of the 
brush is equally loaded as shown 
in Fig. 9 43. 

Resistance commutation is 
used in small machines designed 
without interpoles. Some modem 
small machines employ fact •plait 
commutators as thownin Fig. 9*44. 
These commutators use sector shat 
ed commmutators which can be 
either moulded or made from FCBs 
(printed circuit boards). These 
commutators use carbon fibre 
brushes. (The carbon fibre brushes 
are made up of fine carbon fibres 
wish the flexibility of a paint brush. 
*Fbeae brushes produce a high con* 
tact drop* 2—3 volt, and therefore, 


Shaped 

sector 


Brush 



Face 
commutator 


% 9 44- Few plate commutator, 
i in small machines). 


art 
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The rate of change of areas of leading and trailing edges are optimized in order to 
give a uniform current density over the brush. 

9'38 2. Retarded commutation . The reactance voltage produced in the coil due 
to the reversal of the current must always be present because of the inductance of coil. 
The reactance voltage is of such a nature that it opposes the change which produces it. 
The change which produces the reactance voltage is the reversal of current and therefore, 
it must oppose the reversal of current. Thus the nature of the reactance voltage is to retard 
or delay commutation. 

As discussed in Art. 9‘18 page 5l3 the armature reaction field for a generator has polarity 
main of pole which the coil has just left behind. Due to rotation of the coil in this field an 
emf is generated which tries to maintain the current of the type flowing under the pole which 
it has left. For ex imple, suppose a coil crosse the geometric neutral leaving behind a N pole 
and comes under a 8 pole. The armature reaction produces in it an emf corresponding 
to N pole even beyond the geometrical neutral axis Thus the coil tries to maintain current 
corresponding to a N pole even when it has crossed the geometrical neutral axis. However, 
the coil should carry current corresponding to 8 pole after crossing the geometrical neutral 
axis. Therefore, the tendency of the armature reaction is to delay commutation. 



Thus, both the reactance voltage and the rotational emf due to the armature reaction 
field delay the commutation and lead to a current variation of the type shown in Fig. 9*45. 

The current ratio •//■ is plotted against relative time t/t«. 


Current density at the leadinglfedge of the brush — j^* 1 ^ ■ 


or 


*1 H ' v 1 

B*(av) “A*. t/L 


2/s t/l. 

(/.-») 1 - U, 1 . 

il tiu " wr “T n *** 


Current density at the leading edge of bcush to***!»(#») x i tan a 4 ...(999) 

* Similarly, current density at trailing edge of brush h t *l* (oo|Xf.tan a, ...(9*9% 

Examining tbit cum for retarded commutation, we find that «i is greater than 
Tide means that the current density in the trailing edge ofbrueh le higher than that in the 
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leading edge (Fig-9 46). This current density 'may assume a v< ry high valut resulting in 
glowing of the brush, which would lead to high commutator temperatures, rapid deteriora¬ 
tion of the Inrushes and excessive brush contact 1ms. 

The commutation may be delayed to the extent as shown in Fig. 9*47, In such a 
case the commutation is completed before the current can reach its final value and therefore 
the current has to jump through air in the form of a spark. 

Sparking damages the commutator leading to still greater brush wear. 

9 38 3. Accelearted commutation. If the brushes of a generator are shifted 
beyond the magnetic neutral position, the coil undergoing commutation actively cuts 
through the fringe of the pole towards which it is moving, the dynamic emf produced is 
of such a nature as to help in the reverse! of current or accelerate commutation. If excessive 
brush shift is given to the brushes, accelerated commutation would result. Fig. 9*48 shows 
the curve for accelerated commutation. 



Fig. 9*47. Retarded commutation and sparking. Fig. 9*44. Variation of coil current and content 

density in brush with accelerated commutation. 

It is clear that is greater than a*. Therefore, the current density in the leading 
edge of the brush is greater than that in the trailing edge (see Eqns 9*33 and 9'54). In an 
acute case the current density in leading edge may become very excessive giving rise to 
glowing of brush, which would lead to high commutator temperatures, rapid deterioration 
of brumes and excessive brash contact loss. 


When the commutation is highly accelerated the coil current has a value different 
from /• even before the commutation starts. 

Thus both delayed and accelerated commutation conditions are bad because both of 
them result in non-uniform current density over the brush with consequent dele teri ous 
effects. 


*3W., IMtfil 

with <alBftdf*or retarded < 
while it ia email at the food* 


am. From the above discussion, \ 
the current density is am mim 0 


we gather that, 
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Thus a consideration of the two forms would indicate that it is desirable to retard 
the commutation during the first moments and to accelerate it at the later stage commutation. 
This is known as sinusoidal commutation. Commutation is thus retarded in the first half of 
time to ; it becomes normal at <«■<«/2 and is then accele r atod during second half of Is- 

DESIGN OF INTERPOLES 

9*39. Interpolea. It is clear from above that if the resultant emf in die coil 
undergoing commutation is zero, and if the resistance of brush contacts is appreciably higher 
that of coil and risers, a straight line commutation results which is ideal in d.c. machines. 

However, in actual practice, emfs are produced in the short-circuited coil. These 
emft may delay or accelerate the commutation. For example, the reactance voltage and the 
rotational voltage produced on account of cross magnetizing armature tend to retard 
the commutation. In order to aid the commutation process* another rotational voltage is 
produced in the short.circuited coil which opposes tne reactance voltage. The general 
principle of producing in the coil undergoing commutation a rotational voltage which is 
equal to and opposite in sign to reactance voltage, a principle called voltage commutation is 
used in all modern d.c. machines. The appropriate field required at the geometric neutral 
to generate the neutralizing rotational voltage is produced by interpolea or commutating 
poU $. 


The interpoles are the smaller poles placed in between the main poles as shown in 
Fig 9‘48. The polarity of the interpole must be that of the main pole just ahead for a 
generator and just behind it for a motor. The winding of the interpole must produce an 
mmf which is sufficient to neutralize the cross magnetizing armature mmf at the interpolar 
axis and enough more to produce the flux density required to generate rotational voltage in 
the coil undergoing commutation to cancel the reactance voltage. 

The mmf required for interpoles should be correctly estimated. If it is too weak, it 
leads to retarded commutation ; and if it is too strong, it leads to accelerated commutation. 

Since both the armature reaction and reactance voltage are proportional to armature 
current, the interpolc winding should be connected in series with the armature for production 
of neutralizing effect at all conditions of load. In order to preserve linearity, the interpoles 
should be so designed that they work at low saturation levels. 

We have seen above, that with the use of interpoles, the resultant emf in the coil 
undergoing commutation is reduced to z?ro and hence if brushes with high contact resistance 
are used a straight line commutation Is achieved. Therefore, by the use of interpoles or 
commutating poles, a sparkless commutation is secured over a wide range. 

9*40. Time of commutation. The time of commutation for a single coil in an 
idealieed case where the width of brush is equal to pitch of commutator segments is U""hfVo 
or if the thickness of insulation, !< between the sectors is’considered. However, in 

actual practice, the commutation is a much more complicated process and therefore the 
determination of affective time of commutation r«, during which induced emft are produced 
in a coil as a result of current changes in associated coils is far more involved than that which 
appears at the first sight on account of the following reasons : 

(*) The width of brushes is not equal to the width of commutator segments. The 
brushes notmaily span 2 to 4 commutator segments (not necessarily a whole number) with 
the result that commutation takes place in more than one coll simu l tan e ou sly. 

, (tf) There am many coil rides in a dot belonging to dtfieeent ends and thrsfcfe, fat 
addition to emf of self-induction in the coil undergoing commutaln, mutual induction trine 
plaoe between coils on account of change In othef priMdes placed in the mm mm aud rids 

additional teuf- 
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(**♦) The top an i the bottom coil sides belonging to a coil do net uihU rg<> commu¬ 
tation simultaneously in case the coils are short pitched. 


COILS 

19,20.21 

Top coil sides 

• 

>7,39.41 



ODD' 

Bottom coil 


000 

sides 

38,40,42 


■ Pole pitch 


1.2.3 

U. 


2«6 



28,2890 


SLOTS 

COILS 


SEGMENTS 

BRUSHES 



Fig. 9*49. Winding with 2 poles, 10 slots sod 6 coil sides per dot. - 
Lop windings. Let us consider the case of a 10 slot, 2 pole armature having 6 coil 
sides per slot. The back pitch is 25 and the front pitch 23. Top coil side in slot l is 
connected at the back to coil side 26 in slot 5 and therefore the coils are short pitched by 
1 slot (as coil span is 4 slots while the number of slots per pole is 5). The winding is shown 
in Fig. 9/49. * 

We examine the commutation process in coils l, 2 and 3. The top coil sides (t.c.s) 
are 1,3 and 5 which are located in slot I while their bottom coil sides (b.c.s.) are 
26, 28, and 30 which are in slot The b.c.s. sides in slot 1 are 2,4 and 6 and they belong 
to coils 19, 50 and 21 respectively. The t c.s. of coils 19, 20 and 21 are 37,39 and 41 res- 
pectively and are located in slot 7. 



♦I, |—3<d—3t<|—) 



Fig. 9*90. C b rw nt/ ltt—sgteglu 

. .. « 


•- w'f. 
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The commutation of coil I begins as soon as commutator segment 2 touches the 
leading edge of brush P and the currenti, begins to reverse along the current/time line 1 t as 
shown in Fig 9*50. 

0 

The commutation pf coil 2 starts when the commutator segment 3 starts making 
contact with leading edge of brush P The delay time is defined as the time that elapses 
between start of commutation between two adjacent coils. Therefore, the delay time, l*, is 
the time taken to travel one commutator segment in this case or te**fk/Vt Where 0o is the pitch 
of commutator segments and Ve is the peripheral speed of the commutator. Therefore, 
current *« in coil side 3 starts changing its current along line 3* and- commutation of coil side 

3 is complete after a time interval of *«+/*. Similarly, coil side 5 starts changing its current 
after a furthr r delay time of U The commutation of coil side 3 completes its commutation 
after a time t«-f 2 t*. Therefore, the total time of commutation for the t.c.s in slot 1 is 
t«+2 tg. In general, if there are it sides per slot, the total time of commutation for the 
t.c.s. is f#+(| «•—1) td. 

In windings, where full pitched coils are used, the commutation of the t.c.s. and the 
b.c.s. takes place simultaneously (at brush N) and the effective time of commutation is 
therefore: 

...(9*55) 

However, in the case of short pitched coils the commutation of t.c.s. and b.c.s. does 
not take place simultaneously. As stated earlier, the b.c.s. in slot 1 are 2, 4 and 6 and belong 
to coils 19, 20 and 21. The commutation of b.c.s. 2 in slot 1 does not start until commu¬ 
tator segment 20 strata touching the leading edge of brush N, which occurs after a time 3 U 
as indicated by dotted line 37 b. The commutation of b.c.s 4 and 6 occurs after a time 

4 te and 5 U respectively as shown by dotted line 39 b and 41 6. 

The bottom coil side of coil 1 *26 in slot 5, has emfs induced by current changes in 

t.c.s. 25,27 and 29 Coil side 25 is seen to have completed commutation one half a commutator 
pitch before t«0. and also the lines depicting the changes in current i.e. 251, 271 and 
29 1 precede those for t.c.s. 1 t, 3 t and 5 t by a time that corresponds to short pitching of 
coils. 

Therefore, the total effective time of commutation for t.c.s. in slot 1 is: 

*-2X3 h+O-1 )**+*«. 

In general, for a winding shorts-pitched by * slots and with » coil sides per'slot, the 
time of commutation is: 



2* (es/2) ts+tt «—1) to+t* 


1 11 mp ' I 


...(9*6) 

...(9*57) 


Wave winding. In case of wave windings, the commutation conditions are similar 
to those obtaining in lap winding if only two brush arms are used for a winding with p poles. 
The oily difference is mat p/2 series connected coils are commutated simultaneously. 


However, in actual practice, the number of brush arms used is equal to the nupiber 
of boles. 

The effetive time of commutation for wave connected machines is: 

vsHtn/2—o/fjb+t* ...(9*38) 



¥ ' 
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9*41 Width of commutation son*. The width of commutation zone in the portion 
of armature circumference where one or more coils are shorr-circuited. The width of 
. ouimutetion zone is equal to the distance moved by the armature during the effective time 
of commutation, t». 


Width of commutation zone is: 
Lap winding. 


»l«+l)-l ] M-(h-li) J ~T 

...(960) 

-{[ «<«+l>-l ]&+«.-!<) } Jf 

...(9*61) 

where D and D, are respectively the diameters of armature and commutator. 


Wave winding 


u/2-a Ip ] M-(te-k) j jj- 

...(9‘62) 

-{[ ]?.+«.-«)} S- 

..(9-63) 


9 42. Width of iaterpole shoe. If a straight lime commutation is desired, the width 
ofinterpole shoe should not be lev than thi width of commutating zone as given b 
Eqns 9*61 and 9‘63. An allowance of 1*5 to 2 times the length of air gap under the inte 
pole may be made for fringing of flux at the interpole tips. 

. Width of interpole shoe t ‘5 to 2) /#< 

where £#<""length of air under the interpole. 

The length of air gap under the interpole lit must not be so small as to produce large 
pulsations of the interpole flux caused by the armature slots. It must not be too large othei* 
wise the main pole flux will penetrate the interpole air gap. In general: to 2) Is. 

For machines for which good commutation is difficult to obtain, larger air gap is 
found more satisfactory. 

The interpole width must also be so chosen thr t the leakage flux is not excessive. 
To avoid excessive leakage flux, the width of interpole should not be greater than one half 

of the space between adjacent pole tips or WbK ' t. 

The width of the interpole should als j be chosen with regard to armature slot pitch. 
With narrow interpoles, the pulsation of the interpole flux caused by armature slots is large. 
In general, Vr<pi?l‘5 y«. 

For sinmsoideU commutation the width of interpole should be taken equal to the slot 
pitch or 1?4r"*yc. 

9 43. Calculation of reactance voltage. The reactance voltage can be calculated 
by calculating the specfic permeances for slot, tooth top and overhang leakage. 

(0 The specific slot permeance h is calculated with reference to Fig. 4*38 and from 
£qn. 4*72.* 

*TUs relationship has been derived for Slagle layer windings tot can be used for double layer 
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tfi) 

««) 


The tooth top specific permeance At for a machine with interpoles i* 

lu-ft (See Eqn. 491) 

The overhang leakage flux is calculated from the following empirical relation 

*o- ^0*23 log 4*0*07 ) X 10-« -19 64) 


where i 0 —length of overhang of one coil side 

W(t)+" 

where b 9 is the periphery of the. alt coil side* in one layer and In is the length of 
outhang (See Eqn '9 25). The terms L % b§ and L$ are explained in rig. 9 51. 




Fig. 9*51. Pertain log to overhang leakage flux.. 

Total specific permeance, A—A»4*lu-f A # . 

Flux—mmfXpermeance—mmfxspecific permeancexiengtn. 

.*. The effective vdlue of leakage flux established for a slot containing Z$ conductors 
each carrying a current 7*ii : 

—mmf per slot X specinc permeance X length—is & %L ...(9*65) 

Since there are two active coil sides per coil, the total flux United with a coil Is 

*«-2XCx/.& ...(9*06) 

full pitch windings. For a full pitch winding, the top and bottom coil sides in a slot 
are commutated at the same time. For such a winding, during the time that the current in 
the upper layer is commutated, the whole of the current in the dot rev eri es and flux changes 
from4-4>«to—$•, 


or. change in flux—2®*—4ALx/* Z$. 

Average value reactance voltage induced in each turn 
^ ir«—dd/dt—4A£ Ztlu. 

If these are T* turns per coil in the winding, the 

4 TjiLiA v 

t# 


MHT) 
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An empirical formula which can be us* d for the calculation of approximate value of 
average reactance voltage is : 

m _ AuTelg (4I>4-0 4ij) /<V£fil 

-tJxTo 5 - •• (9 68, 


Chorded winding a. In the case of a lap winding, choided by one slot pitch, during the 
time of commutation of one layer, the current in the otln r layer remains steady. The total 
flux change that is produced for the complete commutation of one coil group is reduced to 
one half that for a full pitch winding as far as tiie slot leakage and tooth top leakage is 
concerned. . 


Specific slot permeance with winding chorded by one slot pitch is : 




rjL t -I_ 

L 24 Wt *• ' W t +W { 

w ■ 

and specific permeance for tooth top leakage, Ai=po -- *y - • 


0 1 2W 0 J 


...(969) 


...(9 70) 


There is no tet uction of overhang leakage flux due to cbording as this flux is due to simply 
one layer of winding. 


Occasionally lap windings are short-chorded by half slot pitch. !n this ca>c it may 
betaken for all practical purposes that the total specific permeance is 1/2 of the specific 
permeance obtained with windings chorded by one slot pitch. 

With wave' windings, the degree of chording of the coil is usually small. If / is the 
fraction of a slot pitch by which the winding is chorded, the total specific permeance may 

be taken as 

Ml-//2)(A.+*)+V -..(9*71) 

9 44. Pitchclmayer’g equation. Let us consider a coil with Tc turns. The indue 
tauce of coil is 2 T e % L\. 


The average reactance voltage in the coil 
Er<»-Ldil<U-2T.'LX x 2 /./t. 

Let the brush thickness be equal to one commutator segment. 

. , fb it D t ..1 I 

c X nDtn = Cn • 

where C is the total number of coils or commutator segmeuts and n is the speed of the 
machine. 

Hence, Erm~2Te*LAx2l, Cn**2T« Lk ihZ)n (as 2 C T,~Z) 

-2 T, LA (/. « Dn**2T t ac VaXL ...(972) 

ImZ 

as ae ~~TD" 


£qn. 972 is known as PitcKelmayer't equation. 

The value of total specific permeance may be taken as 

. 1. Low voltage machines with a winding of round copper wire for T»>1 

...(6 to 8)X 1(T* 

2. Average output machines with bar windings —(5 to 6) X10~* 

3. Low speed large output machines with short cores ...(G to 8) X10** 

4. Lew spee I, large output machines with long cores. ».(3*8 to 45) x IG~* 

3. High speed* large output machines ,..(4 to 5)X 10"* 
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9 45. Lcfl|tlk of interpole, The t interpoles are made of cast steel or punched 
from sheet steel with no special pole shoe ; that is the length and width of pole body are 
equal to the length and width of polo shoe. 

.The length of the interpole is generally chosen from the it nd point of economy, for 
the shorter the interpole, the shorter will be the length of mean turn of interpole winding 
and the smaller the copper weight, losses and leakag e flux. Tne length must, of course* be 
so chosen that the flux density in the interpole will be below the saturation point of the 
material. This is required in order to obtain proper compensation pi reactance voliage at 
all loads, which is only possible if the flux density under the interpole varies linearly with 
the load current. Hence there should be no saturation in the iron parts of the interpole 
magnetic circuit. 

For machines designed for large fluctuating loads or for variable speed moton, which 
employ completely laminated core, the length of interpole is taken equal to that of main pole. 

944. Finn density under interpole shoe. The mean cmf generated in the colli 
undergoing commutation, by their rotation in the n versing field under the interpole, must 
be just equal to reactance voltage i > that the resultant emfin the coil is zero. 

Let J9e<"*flux density under the interpole and L<p=length of the interpole. 

Rotational emf produced in a coil (with T» turns) by cutting the field under 
the interpole 

Bn»*2X f«Xvoltage generated in each conductor=2 Te B t . Lit F«. 

This voltage must balance the reactance emf Era* in each turns as given by Eqn, 9'67. 


4 T c XL L Z. 
T, 


■2 Tt B t i It* V* 


Hence, flux density under the interpole 7* Z, - * A 

Lip Vale 


...(973) 


For an idealized arrangement where the each brush spans only one commutator 
segment the value of Bti can be calculated from Pitchelm tyer’s equation. 


From Eqn. 972, reactance voltage in coil of T* turns* JPr#»=*22’, ac V» XL. 

Equating the rotational emf with reactance voltage, we have: 

2 T e Bh Lip F.-2 T t me Vo XL 


Bfi^OC A - r —— • •••(9 73) 

lip 

9’47. Design mt Interpole winding. The length of air gap* under the interpole 
is relativ* ly large, and the iron parts of interpole magnetic circuit are worked much below 
the saturation re£ion, the reluctance of the iron parts may be neglected. 


Let fn—length of air gap under the interpole, £r<" a interpole gap contraction factor, 
and dfTa*»armature mmf per pole *-/«Z/2p. 

Mmf required to establish a flux density Bti ••800000 Bti Kti ItU 

Mmf required to overcome armature reaction, for machines with no compensating 
winding**/* Z/2p. 

Mmf required to overcome armature reaction, for machines with compensating 

vm<iijtg»»(l — <Ji) /, Zf2p. 

.’. Mmf required for interpole *4Ti-'800000 Bti Kti l*+/» Z/2p ...(974) 

for machines with no compensating winding, ^ 
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^-800000 B,i jr 9 < Jr<+(1 -*) /. Zj2p ...(9 75) 

for machine* with compensating winding 

. The interpole winding is connected in series with the armature and the total armature 
current flows th-ough the intecpole winding. . A single layer coil wound strip on edge, may 
be used with thin pressboard between th>’ turn* The winding may consist of bare copper 
conductors which are air spaced if the coil is rigid. For large mac' ; n«.'S, a conductor having 
two or more strips in parallel may be used in order to facilitate the bending operation. How¬ 
ever, modern large sized machines especially traction motors use a winding arrangement 
similar ta the one which has described for series held. 

Number of interpole turns JPs— AT if I a .. (9*76) 

By slight adjustment of the gap dimensions, ‘ this number of turns can very readily 
made into a convenient number. With large heavy current machines, the number of turns 
required is very small, and in some cases it may be convenient to arrange th*' interpole 
winding into two parallel circuits, each carrying one half of total current. 

The current density in the interpole winding should be between 2*5 to 4 A, mm 8 ; the 
higher value is used where ventilation is specially good, and the insulation thin. The same 
value of current' density is used for compensating winding, if employed. 

Example 9*25. A d.c. machin* hat the following nameplate data and physical 
properties : 550 P, 275 kW, 900 r.p.m., 6poles, wave wound armature winding m ISO slots with 
8 conductors in each slot, 70 % of the armature surface covered by poles. 

(a) F>nd ths armature mmf per pole at rated armature current. 

(b) Find the number of conductors that should be placed in sack pole fnee to />> . 
adequate compensating winding. 

(e) Estimate the number of turns required on each of the 0 commutating poles to 
provide a flux density across an effective gap length of 5 mm if the machine hae no 
compensating winding. 

{d) Repeat part (c) if the machine has a compensating winding. 

SolstUm. Armature current I»— —500 A. 

With a wave winding o—2, Current in each conductor 500/2—250 A. 

Total number of armature conductors JS— 180X8*1440. 

(a) Armature mmf/pole ATa—J* Z{ 2p*=250 x 1440/2 x6*= <0,000 A. 

[b) Pole arc +—0*7. 

Mmf sequired by compensating winding iM2Fo=0*7 X 30,000 =21000 A. 

Compensating winding turns per pole— AT«]I «»21000/250—42. 

Pole face conductors of compensating winding per pole=2 x 42—84. 

(e) Mmf required for each interpole for a machine without compensating winding 
41*1*800,000 B$i Ke let+AT . 

-800,000 X 0*5 X 5 X 10~«+30,000-32000 A. 

Number of turns on each interpole, Ti—Ars/Za—32000/500—64. 

M) Mmf required for each interpole for a machine with compensating winding 
41*1-800,000 BstKs faf+(l-*) AT, 

-800,000XO*5x5xl<n+(l-07)X«),OOO -11000 A. 

Number of tuns* on each interpole 2*<—11000/500—22. 



BLBCTUCAL MACHINE DEMON 


m 


Example 9 26, Determine the number of turns on each commutating pole of a 6 pole 
machine if the flux density in the air gap of the commutating pole is 0 5 Wb/m* at full load 
j and the effective length of air gap is 4 mm. The full load current it 600 A and the armature 
' is lap wound with 640 conductors. Assume the mmf required for the remainder of the 
m ignntin circuit t > be o u-tenth that for the air gap. 

Solution. Armature mmf per pole, AT****!, —-t-^x "3750 A. 

Ip a Ip 6 2x6 

Mmf required for air gap*800,000 Bgt K,i /»<— 800.000 X 0 5X 4X 10 _, *1600 A. 

•Mmf required for iron parts*—0*1 x 1600*160 A 

Total mmf per pole on each interpole d7 , i*3750 +1600+100*5510 A. 

Numb *r of turns on each interpole, 7 , <*55>0/500a*»1. 

Example 9 27. Estimate the reactance voltage for a machine with following parti- 
cul ira, for straight line and sinusoidal commutation : 

number of segment***60, revolutions per second** 10, brush width in segments*** l 6, 

co efficient of self induction**0 2 mH, and current per coil**20 A. 

Solution The time of commutation may be taken «quni to the time required by 
the commutator to travel the width of the brush. (Tin: width hero is the thickness of the 
brush according to our terminology See Fig. 9 52). 


T5 I 

Time of commutation, x -^*2*5 X 10”' s. 

Change of current is from +20 A to—20 A. Total charge of current*40 A. 

(2/1 40 

Average reactance voltage, E r av**L ——*0'2X I0~*X .J-'gy iQ-s *^ 2 V. 


Reactance voltage with striaght line commutation*3*2 V. 
With sinusoidal commutation, reactance voltage*7t/2X3*2 *5 V. 


Example 9'28. A 850 kW, 500 V generator has 8 poles, an armature diameter of 
13 m and a core length of 0 35 m. A duplex wave winding is accommodated in 114 slots with 
ft coil side* p's a'ol The axial length of commutating poles is 0 2 m and the gap length under 
the commutating poles is 10 mm. Find the necessary mmf for each interpole if the specie 
permeance i* fix 10~*. Find also the number of turns. 


Solution. 


Armature current 


350 xl 000 
500 “ 


700 A. 


For n duplex wave winding number of parallel paths o*4. 
/, Current in each conductor /«= 700/4175 A. 

Number of coils C —$ U8~hx6x 114*342. 

Suppose the machine has single turn coils or Tt*=* l. 

Number of armature conductors Z=*2 X 1X 342 *684. 


Ampere conductors per meter ac—h ^-»175 X *29300. 

From Eqn. 9*71 , average reactance voltage in a coil, Btn*=*2T, acVtXL 

“2x1 x29300xFaX6x 10“* X 0*35*0* 123 V,. ...(*) 

Rotational emf produced in a coil by cutting through the field of Interpde 

Eti***2Tc Bti Up F«*2 x 1X B , t x 0*2 Fa— 0*4 Bft Fa ..,(<) 

Equating (i) and (ft), we have : 0’123 Fa *0*4 Bet Fa 

Flux density in gap under the interpple, J9Sk* 0'308 Wb/m*, 
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Armature mmf per pole 4f ••/•^*»l73x £^*7480 A * 

Mmf required for each interpolc 47’<»A?«+800,000 B$t Kgi la 
*7480+800,000 x 0 3075 X 10 X 10"*«9940 A 

Interpole .grinding turn* 


700 


114. 


Ibtaanple 9 39. A 1600 kW, 600 V, 600 r.p.m., 14 pole lap connect ’d d.e. generator 
has 287 slot* mnd 674 single turn coil*. The diameter of armature is 2m and core length 0’28 m. 

find: 

(i) member of turns on each interpole, (»’») commutating flux in the air gap, 

(Hi) time of commutation, and (♦•) emf generated in the short-circuited coil. 

Given j 


0-3 Wbfm *; 
2 slot jntchcs 


air gap length under interpote^lO mm ; flux density under interpole 
mmf required for . iron parte ""60% of gap mmf ; width of interpole 
width afflux path in commutating tone *» 12 x width of interpole ; 
length of interpole 28 m ; gap contraction factor **11. 

Solatia*. Armature current /«— * ^ **3000 A. 

Number of parallel paths «"»p*14. Current in each conductor 7*=»3000/14' 
Number of armature conductors Z *• 2 X 574*1148. 

(i) Mmf required for gap under each interpole 
■>800,000 X 0*3 X1'1X10 X10"* *"2640 A. 

Mmf required for iron parts*O'2 X 2640*530 A. 

1148 

Armature mmf per pole"»214*3x 8780 A. 

Total mmf required for each interpole AT<*2640+530+8780* 11950 A. 


-214 3 A. 


11950 
' 3000 


-4. 


Number of turns on each interpole Tt« 

(ft) Slot pitch* m—21'9 mm. Width of each interpole*2 X 21 '9**43'8 mm. 

Width of commutating aone w,—1'2 x43'8—52'6 mm. 

Oommutatlag flux per pole—fl* w e fo*0'3x52‘6x 10-*x0i6—2*52X 10-* Wb 

(1*0 Spesd a—30)/60*3 r.p s. Armature peripheral speed, P«— wX 2 x a—31 4 m/s. 


Time of commutation T—yr-i 


52*6x10"* 

314 


*1 67x10"* s. 


iiv) Rotational emf generated in the short*circuited coil 
Met^lTe B$t Lip F«— 2X I X0 3X0'28x31 4*5*3 V. * 

Battaaple 9*36. The armature of a 200 kW, 260 V, 8pole, 1200 rpm d c. machine has 
a diameter of O' 61 m and an ostial length of Q‘26 m. The armature has a simplex lap winding 
with 12fl single bam costs housed in 03 slots. The diameter of commutator is 0 36 m and 
brushes short circuit three coils simultaneously, find the time of commutation, width of corn- 
and the flux demit* under the interpole to generate a commutating emf of 4? in 
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Solution. Total number of coil sides*2(7«=2 X189*378. 

.*. Coil sides/slot 1**378/63*6. 

Let us figure out the winding arrangement. 

Back pitch, yb' m 2Clp±K**$7&/6±K=*6%. 

In case y**63 is used, (ys— l)/u is not an integer and hence the winding will have 
split cdils Therefore, in order to avoid split coils, a back pitch of y»=»61 is ureri. 

With ys«61, top coil side 1 in slot 1 is connected to bottom coil s : <Je 62 in slot 11, giving 
a coil .*pan of 10 slots The slots per pole are 63/6*= 10*5 and hence the coils are short 
pitched by 1/2 slot or **J (See Eqn. 9*56). 

Titch of commutator segments X10”* m. 

The brushes. hort circuit three coils simultaneously and, therefore, thickness of each 
brush is 

ts*3P«*3 x 5*8 X10”** 17*4 X10*** m, 

F«*wi)an*wX0*35 X 1200/60“22 m/s, 
and F«*iex0'51 X 1200/60 *32 m/s. 

Delay time trf*fc/F.*5-8 x 10”*/22*0'26 X10”* s. 

Time required to travel through brush thickness 
t«*ls/F 8 *17*4X 10~*/22«-0‘79x 10”* s. 

From Eqn. 9*56, time of commutation for a simplex lap winding 

*#*[«(«+1/2) — 1 ]Lt+fc* sa8 f6( 1/2+1 /2)—1 ]X0’26X l0-»+079X 10”* 

*0*79 X10”* s. 

Width of commutation zone 

ir e -F«Te=32 x 079x 10”*-25*3X 10"* m»25*3 mm. 

Rotation cmf in a coil B«<*27« B§i LY m or 4* 1 X1X P#«X0*26 X32. 

Flux density under the intcrpole jBtt*G*24 Wb/tn*. 

DESIGN OF COMMUTATOR AND BRUSHES 

9’48. Number of segments, The number of segments is equal to the number of 
coils or segments (7*1/2 u 8. 

The minimum number of segments is that which gives a voltage of 15 V between 
segments at no load. 

Minimum number of segments*A xp/15. 

9 49. Commutator .diameter. The diameter of commutator generally lies between 
0 6 to 00 of armature diameter, f*, varies from 62% of armature diameter for 350/700 V 
machines, 68% for 200/250 V machines and 75% for 100/125 V machines. The larger 
diamenr being necessary on heavy current (low voltage) machines because of higher 
mechanical stresses and heating. t 

The peripheral voltage gradient around the commutator should be limited to abot t 
3 V/mru in order to avdid ionization of the skin of air at the commutator surface. Thus for 
600 V machine the minimum peripheral distance between adjacent brush aims should be* 
600/3*200 mm. The diameter must be chosen with regard to the periph< ral speed and the 
thickness of commutator segment. 

JPenpftsrel speed The commutator peripheral speed is generally kept below 15 mh. 
Higher peripheral speeds upto 30 m/s are used but ahould he avoided whatever possible. 
The higher commutator peripheral spepds generally k*d to commutation difficulties. 
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Commutator segment pitch. The thickness of the commutator at the commutator 
surface should not be less than 3 mm. If the thickness of mica is about 0*8 mm, then the 
minimum segment pitch is approximately 4 mm. 


Pitch of segment Pe*»x D*JC should not be iess than 4 mm. 

9*5®. Length of commutator. The length of the commutator defends upon the 
space required by the brushes and upon the surface 
required to dissipate the heat generated by the com¬ 
mutator losses. 


Fig. 9*52 shows various 
the brushes. 


terms connected with 


9.51. Dimensions of brashes. The thickness of 
brushes has a profound influence on the commutation 
conditions. This is clear from Eqn. 9‘62 where the 
thickness of the brush to and the commutator segment 
pitch are the factors which determine the width of 
the commutating zone and the number of coils under¬ 
going commutation at a time. The thickness of brush 
should be so selected that it covers 2 to 3 commutator segments. 



Fig. 9 51. 


Commutator sod 
brushes. 


Current carried by each brush spindle is 21a/p as there are as many brush spindles as 
the number of poles. 

2 / 

Total brush contact area per spindle ...(9’77) 

where 8s is the current density in the brushes which can be taken from Table 9*10. 


Each spindle may have many brushes. The area of each individual brush should be 
taken so that it does not carry more than 70 A. It is better to use a large number of brushes 
of relatively smaller width than a few very wide brushes. 


Table 9 10. 

Properties of Brosb Materials 


Type of Material 

Brush contact 
drop 

V 

Current density 

A mm* 

Pressure 

kNjm' 

Commuator 

speed 

mis 

Co-efficient 
of friction 

Natural graphite 

1 

01 

14 

50-60 

| 

0*1—0*2 

Hard carbon 

0-7-1-8 * 

0*065—0*085 

14—20 

20-30 

0*15—0*23 

Elcctrofraphitic 

07-1-8 

0-085—0*11 


30-60 

0*1-02 

Metal graphitic 

04—0*7 

01-0-2 

MSm 

20—30 

01-0*2 


Suppose, as 3 * number of brushes per spindle, and to* and f* are respectively the 
width and thickness of each brush respectively. 

Contact area of each brush Total contact area of brushes in one spindle 




.*. Width of each brush w»— jjj* ~ 

The number *» is «o selected that each brush does not carry more than 70 A. 


• *e' 
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Length of conunutator »*(*»»+e*)+C' 1 +O l ..,(9 79) 

where e» i> the clearance between the brushes and defends upon the construction of the brush 
holder. It is usually 5 nun. C\ is the clearance allowed for staggering the brushes, lids 
clearance varies with the size of the commutator, but generally lies between 10 mm for small 
machines to about 30 mm for large machines C, Is the clearance for allowing the end play' 
and is usually between 10 to 25 mm. 

Eqn. 9*79 gives the minimum length of commutator ; the length required for brashes. 
If this length gives too small a dissipating surface, so that the temperature rise of commutator 
exceeds the permissible value, then L* must be increased to give sufficient surface to 
dissipate the heat generated by the commutator losses. 

9 52. Loanee at commutator surface. The losses at the commutator are the 
brush contact losses and the brush friction losses. 

Brush contact lose. The brush contact drop ' for different materials is given in 
Table 9*10. However, the brush contact loss iil<o depends upon the condition of the com¬ 
mutator and upon the quality of commutation obtained. It is, therefore, very difficult to 
predetermine accurately the brush contact losses The brush contact drop v» is independent 
of load current. The typical values of brush drop are IV per brush arm for carbon/graphite 
brashes, 0 - 25 V for metal/graphite, and 0‘1 V or less for small machines used for control 
applications. 

Brush friction loss. The brush friction loss depends upon the brush pressure, the 
peripheral speed of the commutator and the coefficient of friction between brush and the 
commutator. It may be calculated from the following approximate formula : 

Brush friction loss Ptf—iePbpAiVt—iiPbAaVe >..(9*78) 

where p *■>co-efficient of friction, /*»=■ brush contact pressure on commutator, N/mt ; 

At—pAb— total contact area of ail brushes, ra* ; 
and F#«peripheral speed of commutator, m/s. 

The coefficient of friction depends upon the peripheral speed Ve, decreasing at high 
•peeda. It largely depends upon the type of brush used. The co-efficient of friction for different 
brush materials is given in Table 9*10. 

The co-efficicnt of friction /* normally varies from 0*1 to 0*3 and typical value of brush 
pressure, P* for industrial machines is 12*5 kN/m a . 

Example 9*31. Prove that the kW output of,a i.o. machine with single tuns coils i§ 
given by : 

*-T* TT 

whore a—number of parallel paths, p*? number of poke, 

Ee—average voltage between adjacent tegmenta, as—ampere eon- 
- doctors per metre, V•—peripheral speed of armature, m ft ; 

n—speed of machine, rpe. 

(b) Taking the limiting values of Be—IS V, Vt—50 m/s* a e—Si,000 A/m , 
find the largest output for a d.e. machine running at (i) 800 rpm (ii) 1000 rpm. 

Solution, (i) Let if* be the number of coils connected between adjacent segments. 

Voltage between adjacent segments . 

^.—number of coil* between adjacent segments X voltage per coil 
■■number of coils between adjacent segments X tutor per coil X voltage 
• per turn 
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■•number or coils between adjacent segments Xturfas per coil X2X voltage 
per conductor 

-2 N, Tt e, 

where 5T««»turns per coil, and e*» voltage per conductor. 

Let Z be the total number of conductors and C be the total number of coils. 

n 

T***- — l (given) or C— 2Z. 

Also voltage per conductor <«=® p n. 

&-2JV,X1X 9 p n»=2 No X ® p n~2N, X • 

z 

Z B 

Generated enf— 7 ; - .. * 


where 


2 N e a 

EWeiminal voltage. 


kW output P~E 7.X . 1(H 

~ ( — * -fT ) nD • 10“»— ~~ -ac *0 101 

2N e \ a nD / 2N, 


Ee nDn , A _, 

7%~xT~‘ ac • - ■ J0 

2 Nt » 


ac . Fa 


. 10'» kW 


U_ _Z 
a ’ nD 


md F«=»rcDft. 


For a lap winding, Nt*" 1. 

From Eqn. (*) 

P- i~ JV. ac— • 10i kW ...(«) 

1 n 

Also for a lap winding, number of parallel paths a««number of poles p. 

We can write (si) as: 

P-* . E. . tu . — —. 10-* kW. ...<«) 

n p 

For a wove winding, Jf««*p/2 
From Eqn. (»)* 

P-—- ac —. 10i kW. ...«») 

P P 

But for a wave winding, number of parallel paths a«2. 

.*. We can'write Eqn. («*) as, 

P-*Jg..«c~~.10ikW. ».(♦) 

n p 

Eqn. (Hi) and (•) are similar. 

The general equation of output is 

lfr* kW. 

2 n p 

(6) The largest output is obtained when a»«p. 

(Considering only simplex windings). 
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Largest output P— E t . ac . ^ x 10"* 
£ n 


P-~ *15x50,OOOX — xlO-«—i~2.kW. 

a H " 


(«} Speed 
(is) Speed 


. p, 

n go *' •' ” 

»—So — li66 


18750 


-3750 kW. 


p “llFSf- ,125kw - 


Example 9 32. Find the minimum number of poles for a 110^ kW generator if the 
average voltage between commutator segments is not to exceed 15 and the armature mmf per 
pole is not to exceed 10,000 A. 

Solution For simplex lap or ware winding,. average voltage between adjacent seg¬ 
ments Ei—EplC. 

Voltage of machine E^CEefp. 

Taking single turn coils, total number of coils in the machine 

c-4- • E-~ 

2 * * Ip 

Output of machine P- E /.X 10“* kW« . 7.x W* 

£ p 


Now, armature mmf per pole AT a * 


1, _Z_ 

a 'Ip 


—« AT*. 


Hence 


P-« AT* E*X 10-» 


.... .. PxlO* 1200x10* 

.. Minimum number of parallel paths a— ‘""ioo oox 15 *°°* 

These parallel paths can be obtained by using a simplex lap winding with 8 poles. 
Minimum number of poles—8. 

Example 9*33 The following are the limiting parameters fora conventional indus¬ 
trial machine : 

average flam density in air gap Bm^O’S Wb/m*, 
psriphsral speed of commutator V*"*40 m/e, 
average emf between adjacent segments JJ «—SO V, 
minimum pitch of commutator segments fr—4 mm. 

The frequency of flue reversals in the armature should not bs loss than 40 St on acoount 
of economic considerations. Calculate the /maximum values of armature voltage that can bo 
developed in a machine. / 

Solution. Minimum number of segments O^pE/Et 
where E—emf generated in the armature. 

Minimum pitch of segments 

«_ nDi nDt n V$ Vs B§ 

* —r— di —7K“V 

but fni&L • ft — y*S.s 
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Hence maximum armature voltage 

J_ y»E* 40 > 20 

2/p. "2X40X4X10“* 


-2500 V. 


Example 9 34. Determine the iotat commutator losses for a 800 kW, 400 V, 800 r.p.m 
10 pole generator having the following data : 

commutator diameter, 100 cm ; current deneity in brushes, 0 078 A/mm 2 ; brush pressure 
147 ItN/m 1 1 coefficient of friction, 0 83 ; total brush contact drop, 2 2 V. 


, Solutou. Armature current /»=*■ _800xl000 ^ ggoo A. 

400 

Current per brush arm— ?-* ••• me —400 A. 

p 10 

400 

Brush area per brush arm ^—-^ ^^ —5330 mm*. 

Total brush area on the commutator As—pA*—10 x 5330 mtn*—53'3 X 10“* m*. 
Peripheral speed F.—reD. n*«X 1 X 300/60— 15’7 m/s. 

Brush friction loss 1F./-M PUb X F.-023 X 147 x 10* X 53 3 X 10~» x 15 7 -2830 W. 
Brush contact loss— 7»X brush constant drop—2000 X 2’2 —4400 W. 

.*, Total commutator loss—28o0 +4400—7230 W. 

Example 9 35. The commutator of a 50 rpm machine is 0‘3 m in diameter. The brush 
friction loss is 100 W. If at full load the commutator loss is twice the brush friction loss, 
calculate the length of commutator which will give a final temperature rise of 4(rC , Assume 
that a commutator of this diameter and 76 mm in length running at 700 rpm gives a temperature 
rise of 40°0 with a commutator lose of 300 W. 

jj 

The cooling co-efficient ie c— 2+0 : lVe 

where V» ie the peripheral speed of commutation in m/s and K is a constant . 

Solution. Considering the commutator of 75 mm length which runs at 700 rpm. 

We will be denoting quantities connected with it by suffix 1. 

Peripheral speed F*j—xD«i »*—w X 0‘3 X 700/60—11 m/s. 

Barrel surface of commutator .^—n Dei ■£’«!—isx 0*3X75 X10“*—0*0707 m*. 


K K 

.*. Cooling co-efficient c x — J+0 -l F n 1 -f 0 : l X11 "° 476 K ' 

QXC 

From Bqn. 3 52 temperature rise, 8— 


40 


350 X 0*476 K 
00707 


or E—0*017.. 


Now consider the commutator whose length is to be calculated. Let Us refer its quanti* 
ties with suffix ?. 

Peripheral speed F.*— itD* t n>—*X0’3 X500/60— 7‘85 m/s. 

0‘017 

Cooling co-efficient c,— ^ +0 , j x —0 00952. 

Loss to be dissipated 2 X brush friction loss—200 W. 
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or 


Barrel surface of commutator^-* D n 2>e a =n X 0'2 X Le^—0'942 L» t . 
Now the temperature rise is 40°C, 

200 X 0 00952 


40« 


0*942 


Length of commutator Le% 


200X000952 
‘ 0 942X40 


m*50'5 mm. 


Example 9*36. The armature of a 10 pole, 1000 kW, 500 V, 300 rptn, d.c. generator 
hoe a diameter of 1'6 m. There are 450 eoila. Determine suitable axial length aml 
diameter for the commutator, giving details of brushes, having regard to commutation conditions 
and temperature rise. 

The design limitations are : 

Peripheral speed of commutator >00 m/s, pitch of segments < 4 mm, current/brueh 
> 70 A, temperature rise > 40°C. 

The other data given is : 

The brushes span three segments approximately ; brush contact drop** 15 V, coefficient 
of friction-015, brush pressure—20 kN/rn 1 , rooting co-efficient—0'0i2/(l+0'l P#). 

Make suitable assumptions for clearance between brush boxes, staggering of brushes and 
end play. 

Solution. Speed n*500/60*5 rps. 

The diameter of commutator is assumed as 0 62 of armature diameter. 

Diameter of commutator Do°=0'62 X1 ‘6et ] *0 in. 

Peripheral speed of commutator F«*«X 1 0x5*157 m/s (within limits) 

Pitch of commutator Segments X1 )/450 met 7 mm. This is more than the mini* 
Bjum allowable pitch of 4 mm. 

* . . J000X1000 nrtnrt 4 

Armature current /•* gjjg —2000 A. 

. „ . 2/« 2 X2000 . 

Gurrent/brush arm*^— *-—*400 A. 

400 

Minimum number of bAuhes ns— ex6 as the current per brush >70 A. 

Using 8 brushes per brush arm. 

400 

Current carried by each brush*—g—*50 A. 

-50 

Area of each brush as* ^ q*, ^^ -*0 833X10"* mm*. 

Each brush covers 3 segments. 

Thickness of each brush fe*3 X 7*21 mm. 

Width of each brush w»*o»/f**0'833X 10*/21 et40 mm. ; 

Actual area of brush*21X 40*840 mm*. 

Total area'of brushes per brush artn .4**8X840 mm**6'72 X 10~* m*. 

Assuming ; clearance between brushes*5 nun, allowance (or staggering <7j*20 mm 
H nd allowance for end play 0,*2O nun. 

length of commutator Z**8(40+5)+20-f20*400 mm*0‘4 mu 
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Aasuming 50 on as the spacfe accupied by risers, length commutator including the 
•pan for risen ' 

-0-4+50 X1 O'**—0*45 m. 

Tanqsetrmtnre Rise 

Brush contact drop /*•—1 ‘5 X 2000—3000 W. 

Brush friction loss «/iP*pJ»V,-»0‘J5x20x 10»x 10x6*72x 10“*x 15 7 

-3165W. 

Total loss dissipated from commutator aurface—3000+ 3165—6165 W. 

Barrel surface of commutator—nx I X0‘4—1256 m*. 


Cooling ccefficient, c- 1+ o-rx ~ t5 r 7 ~” 4 ’ 67X 10 ~ , - o "»*-° G / wr - 

- . , « 6165 X 4'67 X 10"» _ 

Temperature rise of commutator, 6— — ■■ —22 9C. 

LOSSES AND EFFICIENCY 


9*S3, Losaeeand efficiency. The losses in a He. machine can be classified into 
two general types : 

(a) Rotational losses (b) PR losses. 

9 531, Rotational loaaea. Rotational losses are made up of: 

(i) Friction and windage losses (it) Iron losses. 

FrieMon and windage losses. The friction losses occur in the bearings and at the 
commutator. , 

The amount of bearing friction losses depends upon the pressure in the bearing, the 
(fripheral speed of the shaft at the bearing and the coefficient of friction between the 
bearing and the shaft. 

The friction losses in the commutator due to brush contact can be calculated from 
Eqn. 9*78. 

The windage looses produced by rotation depend upon the peripheral speed of the 
rotor, the rotor diameter, the core length and largely upon the construction of the machine. 
Hie windage loss, in fact, depends upon too many intricate factors and cannot oe easily 

amassed. 

Table 9* 1 1 gives the values of windage plus bearing friction losses expressed as peseta* 
tage of rated output. , 

Table 911. Windage and bearing friction losaea. 




Peripheral speed 
mjt 


Lottes 

percentage of output 
>* 


10 

20 

SO 

40 


0-2 

0*4 

. 

0-9 
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Iron Lo*«ts. 

Iron losses have been dealt with in chapter 4. 

The iron loss per kg is g<v*n by the following relationships 
0*06/ J3**+0’008/ 2 Bn* t* for teeth 
and 1 '06 / 2&»*-t-0’005 /* Bm 9 t* for core. 

Bm is expressed in Wb/m', / in Hz and t (thickness oflaminations) in mm. 

The pulsation loss in the pole faces may be taken as 20 to 50 per cent of total iron Ion 
as calculated above. 

9*53 2. I*R loanee. The PR losses occur in : 

(<) Main series circuit of armature. They include the PR losses in 

(a) the armature winding®* i,*r a (6) the interpole winding «■/»* ra 

(e) the series field winding **/«■ r, (d) the compensating winding«■/«* r* 

(e) the. brush contacts =^Pfr«. 

The compensating winding is normally not present. The series field winding is present 
only in compound machines. 

(«) Shunt field circuit. These losses include the PR Josse; in the winding itself and 
also the PR losses in the fiei 1 regulator.. 

For the put poses of PR losses in industrial machines, the resistance of windings should 
be calculated at 75°C for insulation classes A, E and B and at 115°G for classes F and H. 

9 53*3. . Stray load losses, These are certain types of losses which cannot be easily 
determined. They appear when the machine is loaded. This indeterminable losses are 
called stray load losses and are due to the following reasons : 

{%) there is a large increase in the iron losses when the machine is loaded due to dis¬ 
tortion of field caused by armature reaction, 

(If) due to eddy currents in conductors, there is an additional PR loss, 

(ill) when a coil undergoes commutation, it is short circuited by the brush. This 
causes a circulating current to flow which produces additional losses. 

The stray load losses may be assumed as 0 5 or 1 0 % of the baric- output for machines 
with and without compensating winding respectively. The basic output ia that power which 
corresponds to maximum current at the highest rated voltage for constant speed machinal. 
The basic speed for variable speed machines depends upon method of speed control. 

9*53*4, Efficiency. The percentage efficiency is given by 

m output _ j losses 
output+losses ™ input 

Condition for maximum efficiency. In the case of constant speed constant voltage 
machines, the losses may be civided into three main categories: 

(i) Conttont losses P 0 These loses d> not vary if the load current varies. Fora 
shunt machine these losses are : bearing friction and windage, brush friction, shunt excitation 
knees and no load iron losses. 

(II) homo proportional to qrmalure current P v These losses vary linearly with load 
current i,i. brush contact loss. 



D.C. MACHBtH 


(ii) Lome proportional to Sfuere of currant P t . These fosses vary at the squat if 
the armature current and for a shunt machine include : PR loases in the armature circuit 
and stray load lossnj. 

f’O . . . 1 • 1 ~ . . ” 

The total losses are Pi»P|+P,+P, - 

and to 3 first approximation, be expressed in the form | K< ^ ! .. ' -■»— 

ft-fc+M+W 1 | £ 

when / denotn the / total current drawn by the armature £ 
of the motor I 

In order to {Simplify the analysis, the total current - -* — ■ --— 

drawn by the motor is assumed as/. The motor input * Current. I 

power it. therefore^ VI. F%. 9*33. Variation of losses 

Efficiency, W»l~ * and eAdeacy with load 

7 ’ VI currant. 


■1- (^t+Jta+JC^) 


where K 9 **kJV, and JTi“la/P. 

The variation of efficiency with load current is shown in Fig. 9*53. 

In order to find out the maximum efficiency, i| is differentiated with respect to / and 
dyfdl is equated to zero. 


dl “ 15 


^{-+*,-0 or 


.*. For imximum efficiency : 

constant losses “losses proportional to square of current. 

9’§4. Temperature rlae. The calculation of temperature rise in armature has 
already been explained in chapter 3 page 111. 

Design Problem. Design a separately excited i ndustrial motor, jfiti -, 4 pole, 75 kW 
continuous rating, duty cycle 8 t , 1000 rpm, screen prelected, class B innUition. The machine 
is huilt into a etandard frame with ehaft height 400 mm. The motor is supplied power from 
SCR bridge rectifiers. 

Solution. 

Main tMaacMlonui 

Rated p >wer output F*75 kW. Speed *“ 1000/60“ 16’67 rpa 

Assuming an efficiency of 0*92, power developed by armature 

p - d-Tpy-i'-TiZW )*»-»» 

The specific lfdu!i»«gs used in the marhtar are t 

ffW“0 5 Wb/tn* and ot“35,000 A/m. 

Output co'dRdent, 0»«"S* JWosX 10“* 

“« a xO'SXS9000xlOr*“172*7^ 

Product mm x i«*S7)-aS'6x »-* «•. 

The trtn section of the pole face should be dydi s qupr e in osder to heve laving 
the cost of conductors utod fix thefietdooils. 



578 


BjkcrSICAL MAGUMB DflttOM 

v 

For a square pole face L"*tyT**tynjDlp, 

The ratio of pole arc to pole pitch, is assumed as 0*67. 

Thus, L—0*67 X it X 0/4—0*526 2) 

or 0*5 6D***26*8X 10~* or 2>-0*37 m. ■ 

The standard armature diameter for the specified diameter is 0*40 m. This dia- 
meter gives nearly a square cross-section for the pole face. i 

Length 2i-26*6x 10“V(0*40)»-0*166 m. 1 

The main dimensions of the machine are: 

J)mm0'40 m—400 mm and L—017 m—170 mm. 

The standard frame used can accommodate core lengths upto 0*25 a*. 

'( Pole pitch, t— nXO‘4/4—G'314 m; pole arc* 6—0*67 XO‘314—0'21 m. 

' Peripheral speed of armattire V a—ar X 0’4 Xl ^67«c 2 i m/s. 

\ The length of core is 017 m and, therefore, one radial ventilating duct of 10 mm 
width it used. 

Ntt iron length Z/<—0'9(0'17—1 X 0*01)—0*144 m. 

The frequency of flux reversals is /«*4X 16*67/2 ■■33*34 Ha. 

The thickness of laminations used for the machine is 0*35 mm 


ARMATURE DESIGN 


Armature Winding 



Terminal voltage 240V. Line current Ji—75 X 1000/(0*92 X 240)—340 A. 

Product PaXrpm=77 2 X 1000—772 X10*. Prom Fig. 9*35 corresponding to this 
product : 

Field current //«1*2 %-0*012 X 340-4A, 

and internal voltage drop—4*7% —0'047 X 240—11*3 V. 

Armature current /•—340—4—336 A and 
generated emf JP—240—11 *3 —228*7 V. 


Type of minding 

Since the immature current is 336 A (*.«. less than 400A), a simplex wave winding is t m^d 
for the machine. , 

The number of parallel paths is 2 CJJO'Htv 

/. Current per parallel path /« ^336/2—168 A. 

Number of armature conductors 


Flux per pole $-0*5X0*314X0* 17-26*7X10”* Wb. 

^ ^*"' 228*7 X 2' 

Number of armature conductors, Jg —^Xo-S ' x 16 : 67 X 4 * 


-257. 


machines, (Mian 




(0 Couetam'xxc 0 f slot pitch lies between 25 tnm to 35 nun 

" and * X 400/25 w50- , 

(it) Loeate proportional 
current i 


\ JJ® 1 commhtadop conditions,,, the number of slots per pole 

brush contact loci- 4* tj« an*****. nwiiai UnM. , 
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(»»») For .1 simplex wave winding the numbet of slots should not be a multiple of pait 
of poles. The riachin* hts four pol«»s an I, therefore, the number of slots should not be i 
multiple of 2. Thus the number ol si >ts is an odd integer. 

(fw) The number of slots per pol' arc should be an integer 4*1/2 in order to miuci 
flux pulsations. With t|»*0 - 67, the number of slots per pole arc are nearly an integer -4-1/5 
for armatutfi slots tf***39 and 45. 

(*) The number of coil sides per layer should not be a multiple of pair of poles in i 
simplex wave winding. Therefore, we can use only 1, 3 or 5 coil sides per layer i.s. 2, 4 or < 
coil sides per slot. 

Toe use of armature slots S—45 and coil sides per slot tt"*6 with single turn coili 
(3T«»1) results in a suitable winding for the machine. 

Total number of coils, C**$ifcS'»'l/2x6x45 , »135. 

Total number of armatur: conductors actually used £*■2X1X135■■270. 

Thus, there is only a small difference between the number of conductors calculated 
and actually used. t 

Number of conductors per Riot Z«*270/45«=6. 

Slot pitch-»« X O'4/45—O 028 m*»28 mm. 

Modified value of flux per pole, 0~26*7X 10"*X257/270■•25 , 4XlO“» Wb. 

The values of specific loadings actually used are : 

B*«0/tX«25-4x 10-*/(0-314 X 0* 17)—0*476 Wb/m». 
ae-J*£/«2)« 168 X 270/(n X0‘4)-3€,100 A/m. 

Ghecke 

(s') Slot Loading. Ampere conductors per slot ■-/•£«■■168 x6-*1008 A. 

This is lower than the maximum permissible value of 1500 A. 

(it) PtitiK of eommut'Uor iegm*nt§. The diameter of commutator, Z>#, is assumed to 
be 260 mm which is 0*65 times the diameter of armature. j - 

.*. Pitch of commutator segments p« ai *2h/C r -*n X 260/135*6 mm. 

This is greater than the minimum allowable 

Winding Layout ^ j t ( p *I 3? 

Back pitch p<-20/j»d:^"2X 135/4iJr*-67,69. 

We use g»*-67 as with this value of back pitch, (|f»— 1)/«is an integer and hence split 
coils are avoided. 

For a simplex wave winding, commutator pitch y«—2((7±l)/P“67 l 68. 

Taking 67, total winding pitch F-"2y«*-134. 

Front pitch y/—F—y»"»67. 

Dealgn of Slot 

The current density used in the armature winding is fc«"6A/mm ( ... 

/, Am of each armature conductor** 168/6*»28 ana*. 

Referring to Table 17*1, a rectangular coppe r conductor?* X10 nun> which has jpt 
area of 27*5 min’ is usod. “ ^ 

U* dimensions of insulated conductor an 3*5X10*7 mm*. 
Tlm*r»i|pn»»tof*onducn« 


pitch of 4 mm. 
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30 



fa ///'//, 

'M 

xml 




mi 





'4 


Ltp 

Wedge 


— Bore conductor 
(2 BxIOmm 1 

Conductor 
insulation 
(0 35 mm) 

^ Separator 
{10 mm) 

Slot insulation 
(1 0 mm) 


Tig. ^ 54. Details of armature slots. 

Slot Width 


Bare conductor 

3x28 

—8 ■* mm 

Conductor insulation 

<ix0*35 

—2 1 mm 

Slot insulation 

2x10 

•»2 0 nun 

Slack 


-»0 5 mm 

Total -lot width 

w. 

-HO mm. 


Slot Depth 

Bare conductor 
Conductor insulation 
Slot insulation 
Separator 
Lip and Wedge 
Slack 

Total slot depth 4, ->30*0 mm 


2x10 

»-20 0mm 

4x0-35 

— 1*4 mm 

3x1-0 

— 3 0 mm 


1 0 mm 


— 4 0 mm 


— 0 6 mm 


Uuek for flax density In teeth 

Vhe flux density in teeth at a section 1/3 height of tooth from the root should not 
efccetd 2' I Wb/m’. y .,/AV 


Slot pitch at 1/3 height fh>m root , ^ 

xf400-~(4/3) X 30] 


y*i/s" 


>25'1 mm. 


,\ Width of tooth at 1/3 height JSromr root lf*|/ # "*25'l—13'0e»121 mm. 
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sat 


p® . 4x25-4x10"* 

Flux density Bt 1 / 1 =« oefx45 XO' i’44 X \2' fx 1(T» 


>1 *93 Wb/m 2 . 


Within limits. 

Length of air gap 


. H?8x270 rMrt , 

Armature mmf per pole ^™ J “~Yx "4 - 5t>/u A - 


The mmf required for air gap is assumed to be 0 6 times the armature mmf. 

.*. Mmf required for air gap, ,43 r »=^0'6x5670=*340t) A. 

Maximum flux density in air gap Bg^BatJ^^O 476/0 C7--0 71 Wb/m*. 
Assuming a gap contraction factor Kg =» 1' 15, 

length of air gap l#= uqo.uou *Bg E*“ 800,000 Xt) 7 lx no™ =5 2 x 10 ,rr - 
Length of air gap used Z#=5‘0 mm. 

Armature core 

Flux in armature core 0«=»®/2= 3 >25 4X 10 */2~12 7 x 10 a Wb/m*. \ 

A flux density of 1 2 Wb/in* is used for the armature core. - 1 ' 

Area of armature core do=l2’7x 10 */l 2=10 50x 10 3 m*. 

Depth of armature core <f*=j4«/Z/< = * 10'58x 10 a /0 141—0 0735 m. 

Depth of armature core actually used <L=75 mm. 

Actual area of armature core -<4«'=0‘144x0075“10 8X 10 * m*. 

Actual flux density in armature core 2?«=12*7 X 10" a /(10 8X 10"*)=118 Wb/m*. 
Internal diameter of armature D%—D— 2(d*+if) =0'19 m=l90 mm. 

DESIGN OF FIELD SYSTEM 


Pole section 

Referring to Table 9’7, leakage co-efficient for the main poles is assumed as (7j=lT5, * 
Flux in the pole body <&„«ri5x25*4X I0" a «29'2x 1Q“* Wb. 

The flux density in pole body is assumed to be fl»=l’5 Wb/m* 

.% Area of pole body ^“29*2xlO->/l*5=19-47xlO-*m*. 

The axial length of the main pole is the same as that of the armature. 

• Axial length of main pole £*=.£=0*17 m. 

There are no radial ventilating ducts in the pole body. 

Net iron length of pole body 9x0 17=0 153 m. 

• Width of pole body bp->ApfL jrf»19’47 X 10'*/0'153=0'127 m=127 mm. 

Tentative design of field winding 

The field mmf at full load is assumed to be 90 armature mmf. 

• Field mmf at full load A2Vi*“0'9 X 5670=5100 A. 

The depth of field winding is assumed as 45 mm and, therefore, d/=0 045 m. 

rp. factor is assumed to be 0 68 and loss dissipated (based upon cooling surface 

bottom mrfbee.) can be taken a. 700 wfm« ( 
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From Eqn. 9*41* mmf per metre of winding height 

-10 *x4 q/Sjd/ »10 4 X V700XO'6BX.0 045= 46 3X10» A/m. 

Height of field winding A/—5100/(4*63 X10’}—011 m—110 mm. 

The height of pole shoe ii 20 mm and leaving a space of 10 mm for insulation etc., 
height of pole Af»—110+20+10—140 mm—0*14 m. 

Yoke 

Flux in yoke $*-0/2-12’?X 10-* Wb. 

Assuming a flux density of 1*5 Wb/m*, — 

area of yoke 4*** 127 X 10~*/J *5—8*47x 10“* m 2 

Depth of yoke dV—A«r/L» i— jB+7 X 10~*/0'153et() , 0554 m. 

The depth of yoke is d»—MmfnT'-- Ua/An frf'JL 

Outer diameter of yoke 2^—D+2(/#+A*+dy)=*0 8 m—800 mm. 

Fig. 9*55 shows a sketch of the magnetic circuit of the machines. 



Fig. 9*35. Magnetic circuit of 75 kW* 240 V motor.. 

Magnetic Circuit 

The msnfs required for the different parts of the magnetic circuit are calculated below. 
The B-'uV carves given in Fig. 4*2 are used fbr the calculations. 

(I) Mmf required for air gap. 

flux density] at pole centre 0*476/0*67—0*71 VN^b/m*. 

n-tio Usi^SaiHF JL-2’6. 

R * t, ° 1 gap length 5 

Carter’s coefficient corresponding to this ratio is 0*35 (Se*» Fig. 4*9, fbr open slots). 
Gap contraction factor for slots* Kn 

W. - 4»-Hsxu “ l ' m - 


Ratio 


duct width 10 


- 2 . 


J ipieagtb 5 

»this ratio* co-efficient £*—0*1. 
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388 


Gap contraction factor for ducts Kfi 
L \ 170 


■A 


L~K« ns »Ts 170—0'S x 1X10 

\ 


»roi8. 


Gap contraction factor K$ »1*194X l*0i8«*l*215. 

Mmf required for air fcjap 4TV*°800,000X 0‘7! x 1*215 X 5 X 10~ , »3450 A. 
(*») Mmf required for teeth . 

The flux density in teeth at a section 1/3 height from root 
£«»/,-1'93 Wb/in* (calculated earlier).^ 

170X25*1" ~. 

(I /, 144X121 


From Eqn. 4*49, Ir" - > 

JAW til* 


b 2*45. 


Following the procedure explained in Example 4'91 (page 138; and using Fig. 4*2, 
ati =*16000 A/m. 

^ Mmf required for teeth dTi=*16000X 30X J0“ a *»480 A. 

(ti») Mmf required for core 

Corresponding to a flux density of 1*18 Wb/at* in core, at 0 =*300 A/m. 

Length of flux path in core l.« • 7r *° 4 ~ 2 * -0 104 m. 

XX 4 YJS, tlj. f<t: J 's 

.*, Mmf required for coro A2V*300XO*104«*»3b'A. * 

(tv) Mmf required for pole body. 

Corresponding to a flux de nsity of 1*5 Wb/m* in the pile body, a/** 1000 A/m. 

Mmf required for pole* body 42Tf"*1000x0*14=» 140 A. 

(e) Mmf required for yoke 

The flux density in yoke is 1*5 Wb/m 1 and, therefore, Oi , x a *2000 A/m, 


♦Length of flux path in yoke — 0*2i?3 m. 

i 

Mmf required for yoke s42»»1000x0‘293'-300 A. 

Total field mmf required ill. no load 

ATr-ATt+ATt+Al't +ATf+ATtr-WQ A. 

Assuming the full load field mmf to be 1* 15 times the no lostd field mmf* 
field mmf required at &iU load 4fy«Bri5 x 4400*»506G* A. 

Design of field windbag 

The voltage across the shunt field winding is 240 V and 20% of this voltage is kept in 
reserve for speed control. The four field coils are connected in series- 

Voltage across each field coil vj 


The data available for the design held coils is; 

Mmf of each coil 4UT/»«»50fi0 A. 

Height of oofl 108 cam. Depth of coil d/«*i 10 mm. 

ft I lei length of pnln fi»—ITftft irmn Widthof pole body fe"-£?7 ( nim. 
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The mean conauctor temperature is assumed 75°Q and the resistivity of copper at this 
temperature is 0 0^1 O/ns/mm*. l.( Lp) ^rlA^ 

Length of mean turn JUi"*2(0i7+0‘12^f 2 x0'045)—0774 m. 

fn . AT/t 9 Lm t 5060x0 021 X0774 


Area of conductor a/* 


48 


>1 7 i mm 1 . 


Ths nearest itandar i conductor has a bare diameter of ^'5 ^m and the diametc^ with 
synthetic enamel covering is 1'58 mm (See Table 177). 

Area of conductor used •—177 mm 1 . 

Space factor 5/—0 75(d/d|) 1 —0‘676. 

V? Number ol turns T/— .-" -*1890. 

1890x0021X0774 


Resistat.ee of each coil 2/* 


T7f 


—17*4 a. 


Field current J/-48/174-276 A. 

Field mmf provided ATj *-2 76 X1890-5210 A. 

Loss in each field coil ty-(2 7fiJ*X 17 4-132*5 W. ^ , 

Cooling surface 5-2 X0 774(0 11 +0045)-a*24 m 1 . ' 

Cooling co efficient Hfr ' iMl v"^ 6 ' 052 - (Stc P a « e 

Temperature rise 8-^325 X 0 052/0 24-28'7?C 

d*>ign of < 


\ 


Diameter of cottmufcltor A—0 26 m ; peripheral speed X 026 X1667— 

13*6 m/s ; number of segments (7—1 ; pitchofsegmerto £«—6Q5 mm. v ^ 


A mature current I*—340—2'^—337 A. 
r Current per bruit/arm /s—2 x 333/4—168 5 A. 

Elec trographi tic/brushes are used. The current density in the brushes is 

100XI0~* A/mm 1 . 7 

Tbe curreotm each brush should not be more than 70A. Using 4 brushes per arm. 
current in e/ch brush -1665/4-42'1 A. 

Area of erfeh brush as— |q_, —421 mm 1 . 

The bryhhes sbpuld cover at least 2| sepoents. 

sickness of each brads fe—2 5x6'05atl5 mm. 

Wktfh of each brush lTs-421/15-88 mm. 
of each brush used *-15 x 21-420 mA 
.of brashes 3n oaefe brash arasd*-4x420X 10-*-l«8X 1<T* a*. 

„■ J*S—« 5 - »d i0 -» fc, 

length nf fjT)miil>tnr excluding risers L#—4(28+5)+10+10—160 mm—0*16 au 
Allowing n 20 bun speoe for risers, 
overall length +t cramsutatoc-160+20-180 **4*0*18 
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The brush contact drop is assumed as 1 V per brui L 
.*. Brush contact loss / > *o™2 X l X337«<670 W. 

The brush pressure used is 20 kN/m* and the co-efficient of friction is O' 13. ^ 

Brush friction loss /fy—Q 15X2QX10*X4X 1 '68X 1CT*X i3 6—270 W. ( 

Total loss at commutator—670+270—940 W. - 
Barrel surface of commutator—«X0*26x0*16—0 1 

The total heat dissipating surface including half of the surface of risers is estimafi 
to he 0*15 m*. 


From Table 3*6, cooling co-efficient for commutator 


0*025 

<S3 1+0*1 Vc 


0025 

1+0*1x13 6 


-0*0106. 


Temperature rise of commutator— 


940 X 00106 
015 


-66 4 *C. 


DESIGN OF INTEI^PO^ES^ ' ^ I 

Width of commutation zone ttu—ft)} ~~jJ~ 

i U> ? i '* rV - b> O; V, b '(**/•*, 


(Sec Eqn. 9 62 


04 


«{|6/2—2/4]X6 05+15}X-46*3 mm. 


The length of air gap uud *r the mterpole is generally 1 to 2 times the length of a 
gap under main pole. 

Assuming length of air gap under interpole 1st—12 /#—6 0 nun. 

The width of interpole should be greater than 1 ‘5 times the slot pitch 


The width of interpole, Wip, is assumed as 50 and mm, thetefore, the interpole face w 
cover the commutation zone and also approximate to two slot pitefi (the slot pitch at the gs 
surface is 28 mm). 


Specific slot permeance A*—jt* | ^*"j^p~ 


—4*X10 


1.3X13 + 13 + 


+-^r+ifr+^T + r;]- 
nTTs+il]" 1 ' 37 ^ 10 '*- 


„ « Fe 4wX10" , X50_|.>j c v i a—» 

soou top specific permeance Ai— —- ^rg-— 175X10 . 

rt Outhaug jU— 0*3^+0*0125 *-0 3X0*314+0*0125X0*03-0*095 m. 

Length of overhang of one coil side I*—VW2)*+2« a (See Fig. 9*51 page 562) 

-V(0'314/2)*+(M95)Wl84 m. 


Periphery of one coil side I*—2 xOOS+lO’THtt’d mm—0 0424 m. n 
From $qn. 8*64, overhang specific permeance 

, 0*23 log £ +0*07 )x 10-*-0*22XHT* 

"Total specific permeance A—1*37 X^O** . I *75X lu ^+022 X 1(T*-3*34X ICT*. 
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I 

Vi me of commutation xy^X%j2— o/p]fc+h— U)}/V$ (See Eqn.) 

I * / 1 " 2 ’ 2,,M> 

/From Eap. 9.'jp, average reactance voltage. . 

1X 3 34X 10”*X0*7 x 1685 X6/(2*2x 10**«>*r03 V. 

The m ^ 1 "™ reactance voltage may^JSe taken as A»—1*3 V. / 

; t M a * imum flux density under thein ter pole B t im m ‘En»lLV*<~ 1 ‘3/(0' 17 X 21) 

/ -0*364Wb/m». 

The axial length of interpole ii.4he same as that of the same pole. 

The length of air gap under the interpole is greater tl/an that under the main pole 
herefor*, the gap contraction factor for the interpoles, K f i, is smaller than K§. Taking 
1*18. ' / / 

Mffi f required for the^ap under the mterpole/ATfi—SOO.ODC X O'364 X1’ 18 X 6 X 10~* 
/ -2060 A. 

Armature mmf per pole AT«—168‘5 X 2jpf(2 X 4)=5690 A. 

Mmf required/for the interpole 2pw-f56.,0—7750«A. 

Number of on each interpole IV—7750/$37=23. 

Taking a current density 2*5 A/mm* for the interpoles, area of interpole winding 
gtor «—337/2*5—134*8 mm*. 

Udhg a strap conductor 3 mm X 50 mm, 
area of conductor provided—148 m*»*. 

The intprpole winding consists,of two coils, one at the top consisting of 14 tuots and 
her at the bottom having 9 turns. 


I.-V* 


m and Efidency 

friction and windage loses# 

The friction losses have already been calculated. 

Brush friction Iocs P*/—270 W. 

Hie peripheral speed of armature of the machine is 21 m/s and, therefore, the friction 
in bearings and the winding losses are 0*4% of the output (See Table 9*11). 

Bearing friction and windage losses— X 75 Xt 000—300 W. 

Total friction and windage losses—270+300— 570 W. 

(U) Inn loam 

Mean width of J»<P . 4 ~ 008) -0*013-0*0128 m. 

Weight of armature teeth-45XQT7xO*O128X0*O3x 7800-22*9 kg. 

The flux density in teeth at 1/3 height from root is 1*93 Wb/m*. ^ 

Spedlc iron loss In teeth—0*06 / A***f0*008 /• A* 1 C-^ , , 

-0*06X33*34 X (1 *93*+0*008) X (33*34)* X (1 93)* X (0*35)«-l l *5 W/kg. 
Iron loss in teeth—22*9 X11 *5«280 W. ^ 

Weight of armature e»w-«(0*4-2 X 0*03^*08) X0144XQ 08x7800-73 kg. 

Specific iron kws in e. *• >06/AsHO-OOS/* A.*! 1 

-©•ggXgS^ll'W+OWxCSa^X^WxfOSSJViSfiW/kg. 
Iimi 1ms is ore—$*3X 73—236 % Total inm loss-260+256—516 W, 
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Allowing an additional 20% for low caused by ripples in the motor supply waveform, 
total iron Iofts—l*2x516a*i20 W. 

(sit) Copper toms 

Length of mean turn of armature»2£+2'3*+5&«»r21 m. 

270 1*21 X 0*021 

Resistance of arfoature r.«— x 03 1 O « 75°C. 

Armature copper loss-(337)*X 0*031-5520 W. 

Copper loss in shunt field ”243 X 2'76—660 W. 

rtie length of mean turn of interpole winding is estimated as 0‘6 m. 

Resistance of interpole winding rt—4X23X0021 X 0*6/148*0 0070 U. 

C< tpper loss in interpole winding—(337)* XG‘0078—«890 W. 

Br ush contact loss—2 X 329”660 W. 

Ti te efficiency can be obtained by loss summation. 


Armature copper loss 

-3520 W 

Field copper loss 

- 660 W 

Interpole copper lois 

- 890 W 

Brush contact loss 

- 670 W 

Iron loss 

- 620 W 

Friction and windage losses 

- 570 W 

Total losses— 

6930 W 

Input* .75000+6830-81930 W 


Efficient cy at full load Vg^gXlOO* 

•91 5%. 


remperatmre rise of armature 

The coo ling coefficients are taken from Table 3‘6 Fage 111 
(•) Outs idecylindrical surface—w X0*4X0‘17—0*214 m*. 

0*03 

Cooling coefficient” x2] ”0*0097. ^ 

Loss din ipaiion-0*214/0 0097-221 W 

(ti) Ins* ie cylindrical surface—nX 0*19x0* 17—0101 m* 

Periphef al speed—nX0‘19x 16*67*10 m/s. 

Cooling coefficient—”0*015. 

Lass (tin itpatfost” ' | : 5i5 ”*** W/M 
(til) Coe 4iog surface of one duct and two end utrCsces 
^3X -~-(0*4*-0*19«)”0*292 *>, 
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Velocity'of air in ducts ~0'1 x2l ~2'1 m/s. 

Cooling co.efficient--|i5-«0'071. Loss dissipation*^— «4*1 W/°C. 

Total loss'dinipation—22 l<f€'74-41*32'9 W'/*C. 

Total loss to be dissipated~copper loss in active portion+iron loss 
*3520 X ^||^ 4*620*1610 W. 

/. Temperature rise of armature*®-—^- *49°C. 

o/ y 

The complete assembly of machine is shown in Fig. 9*56. 



DESIGN SHEET 


Rating—76 kW 


VoUage — 240 V. 

Bpttd—1009 r.p.m. 

Type—Industrial separately excitea 

Main Disnenaioas 



1. Output 


75 kW 

2. Armature power 

P. 

77 2 kW 

3. Armature diameter 

D 

400 mm 

4. Speed 

n 

16‘27 r.p.s. 

5. Armature peripheral speed 

Vm 

21 m/s. 

6. Output-coefficient 

c. 

172-7 

7. Average flux density 

Bm 

0‘5 Wb/m* 

8. Ampere conductors per metre 

ac 

35000 

9. D*L 


26*8 X10-* m* 

10. Gross core length 

L 

170 mm 

11. Number of poles 

P 

4 

12. Frequency of reversals 

/ 

33 34 Hz : 

13. Pole pitch 

X 

314 mm 

14. Pole arc 

b 

210 mm 

15. Number of ducts 

ns 

1 

16. Width of each 

Vs 

10 mm 

17. Gross imn length 


160 mm 

18. Net iron length 

Winding 

Lt 

144 mm 

■1 

1. Voltage drop (estimated) 

I*n 

11-3 V 

2. Generated emf (estimated) 

B 

228*7 V. 

3. Air gap flux density (estimated) 

B, 

0.71 Wb/i* 

4. Ratio pole arc/pole pitch 

* 

0-67 . 

5. Flux per pole 


25 4 m Wb 

6. . .rmature current (estimated) 

/• 

336 A 1 

7. Type of winding 

- 

Simplex Wave 

2 j 

8. Parallel paths 

• 
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9. 

Armature conductor! 

* Z 

270 

10. 

Number oi slots 

B 

45 

11. 

Conductors per slot 

Z, 

6 

12. 

Coil sides per slot 

u 

6 

13. 

Turns per coil 

T , 

I 

14. 

Coils 

C 

135 

15. 

Coil sides 


270 

16. 

Back pitch 

y* 

67 

17. 

Front pitch 

yt 

57 

18. 

Slot pitch 


28 mm 

19. 

Conductor cross section 


2‘8 X10 mm* 

20. 

Area of conductor 

Of 

275 mm* 

21. 

Slot depth 

i. 

30 mm 

22. 

Slot width 

W, 

13 mm 

23 

Length of mean turn 

Imi 

1*21 m 

24. 

Hot resistance 

fa 

0 031 Q 

25. 

Armature voltage drop 

U, 

10 5 V 

26. 

Armature copper loss 

Magnetic Circuit 


3520 W 

1. 

Armature mmf per pole 

AT* 

5690 A 

2. 

Estimated field'mmf 


5060 A 

3. 

Mmf per metro of coil height 


46300 A 

4. 

Height of pole 

hfi 

140 mm 

5. 

Air gap density 

Bp 

0*71 Wb/m* 

6. 

Length of gap 

U 

5 mm 

7. 

Gap contraction factor 

L 

1*215 

fi. 

Mmf for gap 

AT 0 

3450 A 

0. 

Height of teeth 

di 

30 mm 

10. 

Flux density in teeth at i height 

B*il* 

1*93 Wb/m* 

11. 

Mmf for teeth 

ATi 

480 A 

12. 

Depth of core 

dt 

75 mm 

13. 

Area of core 

A* 

10*8 X 10~» m 1 

14. 

Flux density in core 

B, 

1*18 Wb/m* 

15. 

Mmf for core 

AT, 

30 A 

16. 

Leakage factor 

Ci 

1*15 

17. 

Area of pole 

Ap 

19*47x10*’* m* 

18. 

Width of pole 

bp 

127 mm 

19. 

Length of pole 

Lp 

ITOan 

20. 

Flux density in pole 

Bp 

1*5 Wb/m* 

21. 

Mmf for pole 

AT, 

140 A 

22. 

Depth of yoke 

dp 

55 ms! 

21 

Length of yoke 

b 

170 bus 
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24. Area of yoke 

25. Flux density yoke 

26. Mmf for yoke 

27. Total mmf at no load 

28. Total mmf at full load 
Main Field Winding 

1. Mmf required 

2. Number of turns per pole 

3. Conductor area 

4. Conductor diameter (bare) 

5. Conductor diameter (insulated) 

6. Depth of winding 

7. Height field winding 

8. Resistance of each coil 

9. Field current 

10. Mmf provided 

11. Copper loss per coil 

12. Cooling surface per coil 

13. Temperature rise 

14. Current density 
Interpolo 

1. Width of commutating sane 

2. Length of interpole air gap 

3. Width of interpole 

4. Length of interpble 

5. Flux density under interpolc 

6. Interpole mmf 

7. Interpole turns 

8. Conductor dimensions 

9. Conductor area 

10. Winding height 

11. Resistance of winding 

12. Voltage drop 

13. Power loss 

Cnumtater 

1. Commutator diameter 

2. Segments 

3. Fitch of segments 

4. Thickness of mica separator 

5. Peripheral speed 

f. Current density in brushes 

% 


MUKTUCAL MACSHNB MBQN 


A, 

8*47x10“* m* 

B, 

1*5 Wb/m* 

AT, 

300 A 

4400 A 

5060 A 

5060 A 

T, 

1890 

«/ 

1*77 mm 1 

d 

1*5 mm 

4. 

1'58 mm 

At 

45 mm 

h 

110 mm 

n, 

17*4 0 

it 

2 76 A 

5210 \ 

Qt 

132*5 W 

0*24 m* 

t 

28*7 °C 

*/ 

1*56 A/mm a 

SB* 

46*3 mm 

Ui 

6 mm 

Wt, 

50 mm 

1+ 

170 mm 


0*364 Wb/m 1 

ATi 

7750 A 

Ti 

23 

3X50 nun* 

at 

148 mm 9 

110 mm 

rt 

0*0078 0 

2*6 V 

890 W 

D. 

260 mm 

0 

135 

P. 

04 mm 

P. 

!*•«*. 

It 

«%*/*■* 
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7. Current per brush arm 


168 *5 A 

8, Area of brushes per arm 

x 

lsaxio^m 1 

9. Number of brushes per arm 

n» 

4 

10. Area of each brush 

os 

420 mm* 

11. '! hickness of each brush 

I* 

15 mm 

12. Width of each brush 

to* 

28 aim 

13. Effective length of commutator 

L* 

160 aim 

14. Total length of commutator 


180 nun 

15. Brush contact loss 

P*. 

670 W 

18. Brush friction loss 

P*/ 

270 W 

17. T emperature rise 


66*4 *C 

Losaes 

I. Armature copper loss 


3520 W 

2. Field copper loss 


660 W 

3. Total iron lost 


620 W 

4. Friction and windage loss 


570 W 

5. Interpole copper loss 


890 W 

6. Brush contact loss 


670 W 

7. Total loss 


6930 W 

8. Efficiency at full load 


91*5 per cent 

9. Armature temperature rise 


49 °C 


UNSOLVED PROBLEMS 


1. Find the main dimensions of a 200 kW, 250 V, 6 pole, 1000 r.p.m generator. The value of 

flux density in the gap ii 0*87 Wb/m 1 and the ampere conductor* per meao of armature periphery are 31000. 
The ratio of pole arc to pole pitch 1*0*67 and the efficiency it 91 percent. Aaeaine the nlU, of lentth of 
core to pole phch««0*75, [Aae. /)—0*57 m; L—0*23m] 

2. Rod the main dimensions and the number of pole* of a 27 kW. 290 V, 1400 r.p.m. shunt motor 
•o that a square pole face b obtained. The average gap dendty k 0*5 wbjm 1 and the ampere c on duc to rs 
per metre are 22000. The ratio of pole arc to pole pitch n 0*7 and the Aril loea efficiency i* 90 per cent. 

[Am. pol«~4g 0-0*3 m;£*<H6S ml 


S. Determine the diameter end length of armature core for a 55 kW, 110 V, 1000 r.p.m., 4 pole chtmt 
generator, aaeuming the specific electric and magnetic loading* as 26000 ampere oonduetm* per metre and 
0*5 Wb/m* respectively. The pole arc should be about 70 per oat of pole pitch and length of oore about 
1*1 time* tiie pole arc. Allow 10 ampere for {the field current and assume a voltage drop of 4 volt for the 
armature circuit. Specify the winding used and also determine suitable values for the number of annktara 
conductors and the number of slots. [Ana. 0—0*156 m; L—0*212 m; lap Z—221; S«tiq 

4. Cbooee, with reason*, a suitable number of polea for a 430 kW, 250 V, 250 r.pjn. shunt aeoarator 
having an armature diameter of 1*2 m and a length of 0*3 m. The m i nimu m gap density is 0*9 Wbfaf and 
the ratio of pole are to pole pitch is 0*7. [Am/SOS 

fi A190 kW, 6 pole, d.c. generator has a flux par pole of 0*06 Wb and its spaed Is lOOr^.m. 
Determine the armature demagnetising and cross-magnetising mmf per pole if thebrualwsarsdvM an 
actual lead of 3*. [Ana 947 A; 3125 A3 


6. Determine the maximum output tfaut cun be obtained from a 175 r.p.m. dx. gnaarator without 

eaoaediagu peripheral spaad of 40 m/s, an average emf of 7 V in each oonduolor, aadaaalfctrfelaadfaMOf 
45000 ampere conductors par matte. (An*. 2M0fW) 

7. A 4 pole, 23 h.p. 500 V, 600 r.p.m. aeries owe sector has an sffia t sa cy ofttpmoaet. The pale 

tewsriJtzusgFMi agisms * _ . 

‘ sa h abla am i a ta r s s s t n i u j . [Am. £-0*174 m: 
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ELECTRICAL MACHINE DESIGN 


S. A 4 pole, 400 V. 963 r.p.m ihunt motor hu an armature 0*3 m in diameter and 0*2 m in length 
The commutator diameter is 0*22 m. Give fall details of a suitable winding stating the number of slots, 
the number of commutator segments and the number of conductors in each slot-for an average flux density 
of approximately 0 53 Wb/m* in the air gap. Give also a sectional view through a slot, showing the 
details of insulation and arrangement of conductors. [Aaa. Lap. 5—30, C-90, 5 turn ooila] 

,/■ 9. The armature of a 550 kW, 500 V, 8 pole generator is 1*2 m in diameter and the specific 

electric loading is approximately 27500 ampere conductors per metre. Design a symmetrical armature 
winding. Give particulars of the equilizers and sketch the cross section of a slot with insulated conductors 
in position, specifying the insulation. [An. 5—144, C—430, T # -1, 101, T,*—9] 

10. The diameter of armature of a 300 kW, 460 V, six pole d.c. generator is l m. Determine the 

number of conductors, the number of slots and the number of commutator segments to satisfy tbe conditions 
of symmetry and to provide tappings for three slip rings for a static balances. Assume provisionally a specific 
electric loading of 23000 ampere conductors per metre. Calculate the cross-section of conductors using a 
current density of 4 A/mm*. [Am. Z—738,5—123, C—369, o a -27*2 mm*] 

11. Calculate the following design data for 37 kW, 220 V, 4 pole 900 r.p.m. d.c. shunt motor: 

(0 Length and diameter of core. (//) Number of armature conductors and type of winding. 

(Hi) Armature and line currents. (/») Armature mmf per pole. 

(r) Field mmf per pole. (*Q Length of air gap. 

Assume: Specific magnetic loading-0-7 Wb/m*; specific electric loading—26000 ampere conductors 
per metre; ratio pole arc to or pole pitch— 0-7 ; length of machine—pole arc ; internal drop in armature 
circuit—10 V ; field current—25 A; field mmf—1*25 x armature mmf; mmf required for air gap—05 x arma¬ 
ture mmf; gap contraction factor—1*15; full load efficiency—89 per cent. 


12. A d.c. machine has the following data and physical properties : 550 V, 275 kW, 900 r.p.m., 6 poles, 
wave wound armature win lin t in 180 slots with 8 conductors in each slot, 70 percent of armature surface 
covered by poles. 

(a) Find the armature mmf per pole at rated current. 

(8) Find the number of conductors that should be placed io each pole face to provide an adequate 
co mp e nsa ting winding. 

(e) Estimate the number of turns on each of 6 commutating poles to provide a flux density of 0*4 Wb/m* 
across an effective gap length of 5 mm at rated armature current if the machine has no compensating 
winding. 

(d) Repeat part, (c) if the machine hss a compensating winding of part (id). 

[Am. (a) 30,000 A ( b ) 84 (c) 64 (d) 22] 


13. A rectangular field col] is required to produce an mmf of 8000 A when power dissipated Is 250 W, 
the temperature rise is 40*C and the specific dissipation is 30 W/m*—*C from the outer surface neglecting 
tm> and bottom of the coil. The length of a turn on the innermost layer is 0*68 m and the coi! is 1*5 m high. 
The resistivity of conductors is 0 02 A/m/mm*. Find the current density in fiSd conductors. [Ans 1*51 A/mm*] 

Id. 71,e field coils (cylindrical) of a 4 pole, 460 V. d.c. shunt motor are required to produce an mmf 
of 5 700 A per pole. The length of mean turn is 0*66 m and the winding depth is 40 mm. Heat ie dissipated 
at the rate of 1000 W/m* of the outside cylindrical aurftce of coil. Determine: 

(a) dimensions of coil, . (8) the she of conductor, (e) the number of turns. 

Anume the diameter of insulated conductor to be 0*173 mm greater than the diameter of bare con¬ 
ductor. Resistivity—002 A/m/mm*. [Am. Height-134*5 mm ; conductor area —0*818 mm*; turns—4323) 

. IS- Design tbe shunt field svindiog of a 6 pole, 440 V, d.c. generator allowing a drop of 15% io the 
Mffidator. The ata available h: 


. Mmf per pole—7000 A; length of mean turn—1*2 m; winding depth—35 nun; loss dissipation— €30. 
W/m* Tike'the diameter of insulated wire to be 0*4 mm greater than that of bare wire Resistivity— 
0*02 ./m/mm*. [Am. Height— 0*19 m ; current—5 65 A; turns—1275 ; ares—2*77 am 1 ) 

U. The open circuit characteristics of a 4 pole, d.(. shunt generator are: 


Mrafjfpole; A 

0 

2300 

5000 

7S00 

10,000 

12,300 

Generated amf: V 

0 

37 

114 

!€» 

207 

220 


. .. The fleldcoflssit cfmrfar.50 am thick and WO mm long, «nd fit _____ 
In diamete r Calculate (a) the diameter shunt field conductor to give a jancrafod 
w fr wg jftt d ^n ^iufiiV B l , > mta t ***** ,be locrcMN tb* dmsurteroi 


-ttporaoV. Tbs 

of field ooedoetor by 0*4 
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Calculi!# alio the open circuit voltage if the resistance or field circuit it increased by («) 3 A (A) 10 A. 

I Am. 0*155 mm; 3i*2 A ; 200 V; will not excite 

1?. Calculate the reactanoe v 
conductors per slot of a 250 kW. 525 
of armature conductors is 600. The 
segment. 

. It^, e w w*ture diameter is 1'6 m and core length is 0 3 m, determine the flux density under the inter 
pole. The length of interpole is 0- 18 m. [Am, i §g y ; o3 Wb/m* 

18. Obtain the rating of a nuchine with a lap wound armature running at 420r.p.m. The 1 oltaf 

between adjacent srgments at no load is 15 V, the specific electric loading is 32,000 ampere conductors p* 
metre and the peripheral speed is 50 m/s. {Am. 1714 kw! 

19. Determine the total commutator losses for a 1000 kW, 500 V.800 rpm, 10 pole generator 

Given commutator diameter* 1-0 m; current density at brush contact-75 x 10 • A/mm 1 ; brush pressurt 
-14-7 kN/m*; co efficient of friction-0'2S; brush contact drop-2‘2 V. [Am. 7240 W] 

20. Design a suitable commutator for a 350 kW, 600 r p.m., 440 V, 6 pole d.c. generator having at 
armature diameter of 0 75 m The number of roils is 288. Assume suitable values wherever necessary. 

{Am £«- 0*$2 m, £9-0*35 m 


induced pen, coil for a single turn two layer winding with twi 
V, 6 pole lap wound d.c. generator driven at 220 r.p.m. The numba 
inductance per roii is 00057 mH. The brush coven one commutate 
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101, Introduction 


A polyphase Induction motor consists essentially of twj maj >r the stator and 
the rotor. The construction of each one is basically a lammueri care provided with slots 
which house windings. When one of the windings is excited with a.c. voltage, a rotating 
field is set up. Tbis held produces an e.m.f. in the other winding by transformer action which 
in turn circulates current in the later if it is short circuited. The currents flowing in the 
second winding interact with the field produced by the first winding thereby producing a 
torque which is responsible for the rotation of the rotor. 

10 2. Stator 


This is the stationary part of an induction motor. It is a* cylindrical structure, built 
up 'f dynamo grade laminations. The laminations are either 0*35 or 0 5 mm thick. Motors 
having outside diameters of the stator core upto about one metre use one*piece core lamina¬ 
tions as *hown in Fig. 10 1. The centre circles are used for punching rotor laminations. 
The stator laminations are welded at several 
places around the outer cylindrical surface 
and the si.-ick is h*e~ pushed into a frame for 
assembl) t> t grr sized motors, the stator 
cote: ate nad<‘ of segmental laminations. 

This is done in order lb avoid wasting of 
steel from the centre of the rotor and from 
the outsi de corr y s of the stator with the cores 
made up of segments assembled in ring form. 

The segment* are held together by axial key 
ban fitting into dovetailed slots in the outer 
rim of the core. Fig. 10 2 shows two typical 
methods of securing stator cores with seg¬ 
mental laminations. The peripheral length 
of one segment, usually between 0 3 to 0’6 m, 
is chosen to give most economical balance 
between the cost of dies* the cost of assembly 
and the amount of scrap left over in cutting 
the laminations from steel strips. For quick 
assembly of stator core, maximum chord of 
segment should not be less than 0 37 m. It 
Is necessary to determine the total number c 
dov*ta ; li for fixing the segments to the frame 



Ft*. 101 . Stater lamination for small machines. 


and also to determine the location and number of dovetails per segment. As a rule, the dis¬ 
tance between adjacent dovetails should not be less than 60 mm. 


The total number of segmhnta is chosen in sneh a way as to provide an equal number 
bfjdir-.j in the core flux path* of alternating poles* This ts became, if the flux leaving the 
ilatof core from every south pole encounters a coca Joint whm it turns'anticlockwise, and no 
* jo|n« when it enters clockwise, the different reluctance* offered to the two paths will result 
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into a net difference between the core fluxes in two'directions of flow, and the resultant flux 
iinka with the shaft. This resultant flux produces an alternating voltage between the two 
rads of the shaft, giving rise to shaft currents which in turn may cause damage of bearings, 
unless the bearings are insulated from the end shields. 




Fig. 10*2. Segmental laminations and methods of securing stator core. 

**mg cores are divided into a number of stacks with radial ventilating ducts in bet* 
ween in order to facilitate the cooling. The width of a single stack of core shotud not exceed 
50 to 60 mm. 

Fig. 10*3 shows a segmental lamination used for large induction motors. Than motors 
have wide stator slots and consequently the teeth are thin in section. Therefore, the teeth 



Fig. 10'3. Segmental lamination, tooth supports and 
vent spacers. 

must be supported by tooth supports at the radial ventilating ducts. The supports act as 
vent spacers and also prevent vibrations. The tooth supports generally consist of a piece of 
rolled steel, spot welded to the end laminations. 

103. Stator frames. Frames of electrical machines are structures in which stator 
core is assembled. They serve four distinct purposes: 

(I) They enclose the core and windings. 

(If) They shield the live and moving machine parts from human contact and from 
injury caused by intruding objects or weather exposure. 

(tff) They transmit the torque to the machine supports, and are therefore designed to 
withstand twisdng forces and shocks. 

(fe) They serve as ventilating housing or means of guiding the coolant into effective 
channels. 

A great variety of designs is employe ! to meat the above jr e qul r amml t , and to adapt 
mirt hfo- to particular service conditions. The design of frames has spec ^ significance In 
the oase of induction motors of large dimensions on aeootmt of the relatively small air gnpr 
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Used in these machines. For induction motors the frame should be strong and rigid both 
during construction and after assembly of the machine. This is because the length of air 
gap i$ very smalt and if the frame is not rigid, the rotor will not remain concentric with 
stator giving rise to unbalanced magnetic pull. 

The frames may be die-cast or fabricated. Machines up to about 50 kW rating usually 
have their frames die-cast in a strong silicon aluminium alloy and in some cases with the 
stator core cast in. The process of die-casting has the advantage that it facilitates the ute of 
thicker cross section of frame at places where greater mechanical strength is required. The 
die-cast frames do not require machining. 

The frames of larger sizes of machines an fabricated by welding steel plates. The 
advantage of fabrication is its adaptability to new designs and modifications. 

Frames of small machines an made as a single unit. They are provided with feet by 
which they an fixed to the base plate. Machines, which have radial ventilating ducts, the 
stator core is placed inside the frame on axial ribs thereby providing an annular space for 
air between core and the frame. 

The frames of totally enclosed machines are provided with axial fins in order to in* 
crease the heat dissipating surface. Fig. 10*4 shows a die-cast frame provided with axial fins. 

The stator co e laminations in small mtchinei (which are punched as?annular rings) 
are fixed to the fraiu with the help of clamping ringi as shown in Fig. 10‘ 5. 
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Fig. 10-5. Assembly of stato; 
core using clamp¬ 
ing rings. 


The frames of medium and large sited machines are fabricated as stated earlier. 
The frame is a short cylinder, or a box, with end pjates and axial ribs. The stator core is 
inserted into the frame after the inner surfaces of the ribs have been machined and the etuis 
turned where necessary for the end covers. 

Medium sized machine! (*'.«. machines whose stator core diameter exceeds 1 m, but 
is not more than 2'5 to 3'0 m) are provided with radial ventilating ducts. In this ease ring 
chambers with large radial dimensions are required in order to obtain proper rigidity of 
frame and sufficient cross-section for ducts for air. Ax stated earlier, the stator core of these 
machines is assembled from segmental laminations and fixed to dovetails welded or screwed 
oq to inside surface of the frame. The frame is usually made in the form of a boa of T- 
shaped cross-section in order to increase rigidity. In machines of large axial length the box 
bai intermediate walls in addition to the two side walls. These waits are so designed that 
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the two consecutive walla are not more 
than 0 5m apart (see Fig. 10*6). This 
construction gives additional rigidity to 
the frame. 


The frames of larger horiaontai 
shaft machines (with cutside diameter 
greater than 3'5 to 4 m) are made with 
Joints located in the horiaontai plane. 
Openings are located in the outside sur¬ 
face of frame for providing outlet to 
cooling air in radial direction. 



10*4, Rotor, Like stator, the rotor laminations are punched as a single unit in the 
case of small machines while in larger machines the laminations are segmented. Fig. 10*7 
shows a one piece tutor lamination. 


Rotor cores of small machines are often put on the 
shaft directly and keyed to it for transfer of torque. Washers 
or thrust rings are used for axial clamping (Fig 10 8). The 
thrust ring is put on the shaft, when hot and on cooling the 
ring grips the shaft. However, this process is costly for mass 
production. In practice, a thrust ring with a cut (Fig. 10*9) 
is used. This ring is placed in a ring groove in the shaft. 



Fig. 10 7. Rotor lamination. 



Fig. 10*8. Axial damping of rotor fig. 10*9. Ring groove and thrust'ring 

laminations using shrink* with cut for axial clamp* 

ring*. ing of rotor laminations. 

la coder to provide paths for ventilating air, radial and axial ducts are used. The 
number of radial ventilating ducts provided in die rotor it equal to that in the stator. 

The single unit laminations are fixed on the shaft by means of armature hub 
(Fig. 1010) oron ribs (Fig. 10T1). 
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Fig. 10*10. Assembly of rotor lamina- Fig. 10*11. Thickened part of shaft 

ti&na using an armature provided with riba, 

bub. 

In the case cast-steel hub the laminations are pressed together in axial direction with 
damping rings (Fig. 10' 10). The core is compressed l eeh end plates whtn ribs are 

wed. 

The segmental laminations are fixed to rotor spider. A rotor spider is shown in 
Fig. 1012. This comprises of a shaft with arms and stiffners. For machines with large 
diameters, the rotor spider is built up from a hub. arms and ribs as shown in Fig. 10'13. The 
ribs are machined to accommodate the rotor core. 



Fig. 1013. Kotor spider built with Mb. 
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10*5, Rotor windings. Two general types of rotor constitutions are employed for 
induction motors, namely, the tguirrel tag* and the wound rntor. The great majority of 
p r esent dav induction motors are manufactured with squirrel cage rotor", consisting of 
uninsulated bars of aluminium or copper that are joined together at both ends by rings of 
similar conducting material. A common practice is to employ winding of cast aluminium. 
In this construction the assembled rotor laminations are placed in a mould after which 
molten aluminium is forced in, under pressure, to form bars, end rings and cooling fins as 
extensions of end rings This is known as die-ca<t rotor and has become very popular as 
there are no joints and thus there is no possibility ol high contact resistance. 

In practice a silicon alloy with 6—12% Si is used became pure aluminium does not 
cast well 

In other designs, copper or brass bars) of round or r« ctangulto shape to fit the rotor 
slots tightly, are driven into slots, projecting a short distance on each enek of toe core. These 
bars are then soldered, welded or brazed to the end rings. Some common types of con* 
struction lor connection of bars to end rings are shown in Fig 1014. ' 

* 

It is necessary to keep the bars tightly in the slots because loose bars can be damaged 
quickly by mechanical vibrations and thermal cycling 


Bar 



Fig. 1014. Connection of bars to end rings. 

It is a common practice to use deep bar rotors when high starting tor sue is required. 
Fig. 10 15 shows the method of joining deep bars to end rings. 



For induction motors requiring spaed control or extremely high values of starting 
torque, the wound rotor construction is employed. The wound rotor has completely insulated 
copper windings very much like the stator windings. Watt winding is used as it has the ads 
vantage that the number of cross connectors between groups of co ls is reduced. Also it 
gives a compact arrangement of crosln connectors making it possible to have a good mechanic 
cal balance of revolving structure. The windings can be connected in star or delta and the 
three end* are brought out the three slip rings. The currant is collected from these Ap 
rings with carbon brushes, from which it is led to resistances for starring purposes. Earlier 
the brushes were provided with a device lor lifting them from the slip rings when the motor 
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bad started up. A collar was provided to short circuit the flip rings. This was done to 
mdnce the wear of brushes. Also it resulted in reduction of frictional losses. However, 
brush lifting and short circuiting gear is generally not used in modem machines. 

10'6. Comparison af squirrel cage assd wound rotors. The squirrel cage motor 
has the follow ng advantages as compared with wound rotor machine. 

(i) No slip rings, brush gear, short circuiting devices, rotor terminals for starting 
rheostats are required. The star delta starter is sufficient for starting. 

(it) It has a slightly higher efficiency. 

(tit) It is cheaper and rugged in construction. 

(sv) It has better space factor for rotor slots, a shorter overhang and consequently a 
smaller copper loss. 

(e) It has bare end rings, a larger spate for fans and thus the cooling conditions are 
better. 

(ei) It has a smaller rotor overhang leakage which gives a better power factor and a 
greater pull out torque and overload capacity. 

The greatest disadvantage of squirrel cage rotor is that it U not possible to insert resis¬ 
tances in the rotor circuit for the purpose of increasing the starting torque. The cage rotor 
motor has a smaller starting torque and larger starting current as compared with wound rotor 
motor. 

107. Slip rlssge. The slip rings (for wound rotor machines) are made of either 
brass or phosphor bronze. They may be pressed together on a body of reinforced thermo* 
letting resin carried on a mild steel hub. The slip rings are located either between the core 
and the bearing or on the shaft extension. In the latter case the shaft is made hollow to 
allow the three connections from rotor to slip rings to pass through bearings. 

IS S. Shafts and bearing*. The air gap of an induction motor is made as small as 
possible. Therefore the shaft is made short and stiff in order that the rotor may not have any 
significant deflection, as even a small deflection would create large irregularities in the air 
gap which would lead to production of an imbalanced magnetic pull (see page 179). Th?re is 
also a possibility of rotor and stator fouling with each other. 

Ball and roller bearings are generally used as with their use, accurate centring is much 
simpler than with journal bearings. Also the overall length of the machine is reduced. For 
small motors, a roller bearing may be used at the driving end and a bail bearing at the non 
striving end. For large and heavy rotors journal bearings of self aligning spherical seated 
type are used. 

DESIGN 


10 9, Output Equation. Reference chapter 8 page 456. 

The output equation (Eqn. 8*18) for a.c. machines is: 

kVA input ...(10*1) 

Output coefficient 0» m KuBm uoXlCT* .,.(10*2) 

• From Eqn* 10*1, & x 


kVA i»put-kW/(ij cos 4) ...(10 3) 

The rating of an induction motor Is sometimes given in hone power and therefore 
the output equation should be expressed in terms of hone power. The kVA inpot is t 




>* 00 * 4 ) 



601 


rntn ra^si induction motois 


The horse power, speed, power factor and efficiency of a machine are specified. 
Therefore, in order to calculate the value of D % L, we must evaluate the output coefficient. 
The value of output coefficient depends upon the choice of electric and magnetic loadings 
s.e. values of ac and Bn, 

10*10. Choice of average flux density in air gap 


li) Power factor. The value of flux density in,air gap should be small as otherwise 
the machine will draw a WgrTtn^fteftiing curr-nt TSee Art. 10 8) giving a poor ptfwcr 

••fcw, 1 4*mt i* ft* w* ;»dMAme: 

TEweTCra of the magnetic circuit. 

(ii) Iron lose; An increased value of gap deniity results in increased iron loss and 
decreased efficiency* (See Art. 8*1*7 page 458), 


{Hi) Overload capacity. The value of air gap flux density determines the overload 
capacity. A high value of flat means that the flux per pole is large. Thus for the same 
vultare. the winding requires leas turns per phase and if the number of turns is less, the 
leakaee rexrtatfce ilcbmes srnanr^'Wnh small leakage reactance the circle diagram of the 
machine lias w a Targe diameter which means that the maximum output, whiChtheMidTfffi®' 
• is capable afgiving, ialarge Of tn oiher words the machine has a large over-had capacity. 
Thus, with the assumption of a higher ya IuEL>af ,.ii^ -M£~-gsl A Jlflbsr value of overioad 
capacity. ~- 

Most induction motors have an overload capacity of twice in hone power but ai the 
speed gets lower and lower— i.e. in machines with large number of poles—it is very difficult 
to get this capacity and still get a reasonably good power factor. There has to be a compro¬ 
mise between the two. 


For 50 Hz machines of normal design the value of Bn lies between 0*3 and 0*6 Wb/m*. 
For machines used in cranes, rolling mills etc , where a large overbad capacity is required* 
a value of 0*65 Wb/m* may be used. 


10* 11. Choice of ampere conductor* pm metre 


({) Copper lose and temperature rise. A large value of ac means that a greater 
amount of copper is employed in the michine. This results in higher copper losses and large 
temperature rise of embedded conductors (See Art. 8*18 page 461). 

(H) M* A naflll value of *c sho uld to Wk*n for *>i t h vduge nucUriMMio «Mr 
case the space rt»ynr ^rtciginslilidd h isTarge (See Art. 8 18 page 462). 

~{iii) Overload capacity. A large vafuT of ampere conductors would result in large 
number of turns per phase. This would mean that the leakage reactance of the machine 
becomes high and the diameter of circle diagram is reduced resulting in reduced value d 
overload capacity. Therefore, higher the value of ac, the lower would be the overload 
capacity. 


Hence the value of ampere conductors per metre depends upon tike rise of die motor, 
the voltage of stator windidg/the type of ventilation and the overload capacity desired. I] 
varies between 5000 to 45000 ampere conductors per metre depending upon the factors list*® 


above. 

1613. BfBdcacy and power factor. Table 101 gives the usual values of effidficy 
and power factor for 50 Hz machines. 
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Table 10 1. Efficiency and power factor 


Oatjwf 

Efficiency 

Power Factor 

P-4 

p**8 

P—4 

P-8 

Squirrel Case 1 

0*75 

220 

370 

7*30 

13*00 

37*00 

73*00 

i 

0 72 

0 81 < 

083 

0*86 

0-88 

0*90 

0*91 

075 

0*81 

0*82 

0*85 

0-89 

090 

0 75 

0*82 

084 

0-87 

089 

090 

0 92 

066 

0*69 

0*78 

083 

0-85 

0-89 

Slip Ring 

7*50 

13*00 

3700 

75*00 

0*84 

0*87 

089 

0 91 

0**3 

0*85 

0 88 

089 

0*84 

0-89 

090 

0 92 



10*13, Main Dimeneiona. The product D % L obtained from Eqn. 10*3 is split up 
into its two components D and L. The separation of D and L for induction motors is 
discussed in chapter 8, The ratio of core length to pole pitch (ratio L/t) for various design 
features is s 

Minimum eoet—l’S to 2 

Chad potoer factor—10 to 125 

Good efficiency—1‘5 

Quod overall deeign—1. 

As discussed later in the chapter, for best power factor 

*t“»V0’18 L 

» 

For small motors, high values of L/t result in small diameters which may not be able 
to accommodate even a small number of slots. In such cases the above values are not 
practicable and so lower values down to 0 6 may be taken. In general, the value of L/t 
lies between 6‘6 and 2 depending upon the size of machine and the characteristics desired. 

Peripheral Spud. Standard constructions can generally be used for peripheral 
speeds upto 60 m/s. Higher peripheral speeds upto 75 m/s are permissible only with special 
rotor construction which may involve higher costs. For a normal design, the diameter should 
be so chosen that the peripheral speed does not exceed about 80 m/s. 


•It should be noted that this relationship is dlmeoskmaUy sot correct and is velld for values of t and L 
expressed In metre, 
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Ventilating fact*. The stator in provided with radial ventilating duett if the core 
length exceeds 100 to 125 nun. The width of each duet is about 8 to 10 mm (See page 57). 

10’M. Stator winding. The windings used for induction motor statori ( their 
choice and layout has been described in the chapter on armature windings. Double layer 
lap type winding with diamond shaped colls is generally used for stators. Small motors 
with a small number of slots and having a large number of turns per phase may use single 
layer mush windings. 

The modern insulating materials for diamond coils belong to classes E, B and F . The 
slot and phase insulation is Polyester foil coated with compressed fibre for class B and 
plastic foil baked with polyamide fibres for class F. The insulants in both cases are impre* 
gnated with class F insulation. 

The three phases of (he winding can be connected in either star or delta depending upon 
starting methods employed. The squirrel cage motors are usually started by start delta starters 
and therefore their stators are designed for delta connection and the six leads are brought 
out to be connected to the starter. The wound rotor motors are started by putting resistance 
in the rotor circuit and therefore the stator can be connected either in star or in delta as 
desired. 

10141, Turns per phase. Flux per pole 

rL*=B a ,X{nDL)/p 

Stator voltage per phase £,«4’44 / ® m T,Kw, 
where T,®* number of turns per phase in stator 

and stator winding factor. 

The winding factor miy bi initially asiumed as 0*955 which is the value of winding 
factor for infinitely distributed winding with full pitch coils. 

E 

Stator turns per phase 7W 

10*14*2. Stator conductors. The current density in the abator windings is usually 
between 3 to 5 A/mm 1 . 

Stator current per phase h^QjZE, 

A Area of each stator conductor 
where 8, “current density in stator conductors. 

For lower values of current, round conductors would be most convenient to use while 
for higher currents bar or strip conductors should be adopted as anything above 2 or 3 mm 
la diameter is difficult to wind. The use of bar and strip conductors gives a better space 
factor for the slots. 

10-15, Shape of stator slots. Hie shape of slots has an important effect upon the 
operating performance of the motor as well as the problem of installing the winding. The 
slots may be completely open or semi-enclosed as shown in Fig. 10*16. When open slots are 
used, the winding coils can be formed and insulated completely before they are inserted in 
the slots. Alio the windings are reasonably accessible when individual coils must be re¬ 
placed or serviced in the field. On the other hand, the coils must be taped and insulated 
after they are placed in the slots for machines with semi-enclosed slots. Semi-enclosed dots 
are usually preferred for induction motors because wife their use the air gap contraction 
factor is small giving a small value of magnetising current. The use of semi-endosed dots 
results in low tomb pulsation foes and a much quieter operation as compared with that with 
*penslots. 



604 


ELECTRICAL MM H MB DESIGN 


Therefore, open slots (t e. equal to slot opening equal to width of slot) are used where 
it is desired to complete the coils outside the armature and drop them into the slots. 
Incidentally, an advantage of open slots is that their use avoids excessive slot leakage thereby 
reducing the leakage reactance. 

In unall motors where round con* 
ductors are used, the tapered slot with parallel 
sided tooth arrangement [Pig. 0 H(o)] is 
useful as it gives the maximum slot area for 
a particular to>th density In large and 
medium size machines where strip conductors 
are preferred, parallel sided slots with tapered 
teeth a^c used [Fig. 10'16 (6)] 

10 16. Number of stator slots. The 
in selecting the number of stator slots, however, the following points help to serve as guide¬ 
lines in the selection. f 

(») Tooth pulsation lost. In motors with open type slots, the slot openings have a 
considerable influence on rise air gap reluctance. The slots should be so proportioned that' 
minimum variations in the air gap reluctance are produced. The effect of these variations 
is to produce tooth pupation losses and noise. (For additional information on tooth pulsa¬ 
tion losses see pages 109, 304 and 305). 

Thrse effects can be minimised by using a large number of narrow slots. 

(it) Leakage, reactance. If there are larger number of slots, there are larger number of 
slots to insulate. Therefore the width of insul ition becomes more and this means that the 
leakage flux has a longer path through air which results in its (leakage flux’s) reduction. 
Therefore with larger number of slots, the leakage flux and hence the leakage reactance is 
reduced. In fact the slot leakage reactance is inversely proportional to the number of slots/ 
pole/phase as explained on page 172. With small values ofleakage reactance the diamettr 
of the circle diagram is large and hence the overload capacity increases. Thus, with larger 
number of slots the machine has a higher overload capacity. 

{iii) Ventilation. Tl?e larger the number of slots for a given diameter, the smaller will be 
the slot pitch. If the slpt pitch is small, the tooth width isalso small since width of stator 
slots is generally about one half the slot pitch on the gap circumference. So with larger 
number of slots, the thickness of the teeth becomes smaller and the teeth may become mecha¬ 
nically weak and they may have to be supported at the radial ventilating ducts by welding 
Tori sections as shown in Fig 103. This obstructs the flow of air in the ducts thereby 
impairing the cooling. 

(tv) Magnetiting current and iron loti. It has been explained above that the teeth 
section is reduced. Therefore the use' of larger number of slots may result in excessive flux 
density in teeth giving rise to higher magnetising current ani higher iron loss. 

(v) Colt. With larger number of slots there are larger number of coils to wind, 
insulate and install involving higher costs. 

It is good practice to use as many slots as economically possible. However the 
number of slots per pole per phase q, should not be less than 2 otherwise the leakage reactance 
becomes high. 

In general the number of slots should be selected to give an integral number of dots 
per pole per phase. The slot pitch at tl e air gap surface for opn type of slots should be 
between 15 to 25 mm. For semi-enclosed slots the slot pitch may be less than 15 mm. 

The stator slot pitch is 

* u m KftP surface nD 

total number of stator slots **" £» * 

where 8i is the number of stator dots. * 


x&oj'mv 

(a) (&) 

Fig. 10 16. Semi-enclosed and open slots. 

designer has no definite rules to guide him 
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Total number of ftator conductors** 3 X 2?*.**67\ 
.*. Conductors per stator slot ZuSTt'S,. 


The number of conductors per slot must be an even integer f' r double layer windings 
because one half of the conductors per slot belong to the top layer and the other half to the 
bottom layer. 


10'17. Area of stator slots. When the number of conductors per slot has been 
obtained, an approximate area of the slot can be calculated- 

Approximate area of each slot- arc f 

space 1 ictor 


Zi$ x p| 

space factor 


...(105) 


The space factors ordinarily obtained vary 
from 0*23 to 0 4. High voltage machines have lower 
space factors owing to largt* thicknesses of insulation. 
After obtaining the area of the slot, the dimensions 
of the sL t should be adjusted 1 be tooth width and 
the slot width at the gap surface should be approxi* 
mately equal. The slot should not be too wide to 
give a thin tooth. The width of the slot should be 
so adjusted such that the mean flux dinsity in the 
tooth lies between 13 to 17 Wh/m*. The width of 
teeth should not be too large as it results in narrow 
and deep slots. The deeper slots give a large value 
of leakage reactance. In general the ratio of slot 
depth to slot width should be between 3 and 6. 


J-0 



Fig. 10'17 gives the dimensions for the slot Fig. 10*17. Stator riot, 

opening and for li • and wedge in the case of semi-enclosed slots (The dimensions are 
in mm). 

10*18. Length of mean tarn. The approximate length of mean turn of the 
winding on induction motor stators for use on voltages upto 650 V may be calculated from 
the following empirical relationship. 

Length of mean turn of stator £*i»“2Zrf 2’3 t+0‘24 ...(10*6) 

with values of L and x are expressed in m. 

10*19, Stator teeth. The dimensions of the slot determine the value of flux density 
in the teeth. A high value of flux density in the teeth is not desirable, as it leads to a higher 
iron loss and a greater magnetizing mmf. As stated eaiiier, the maximum value of Bu, the 
mean flux density in stator teeth should not exceed l'7 Wb/m*. 

Minimum tooth area per pole«*$»»/r7 


- Tooth area per pole “number of slots per poleXnet iron lengthXwidtb of tooth 

“(S,/p)X£iX Wu 

or minimum width of stator tooth 







The minimum, width of stator teeth is near the gap surface. A check for minimum 
tooth width using Egg. 10 7 should bs applied before finally deciding the dimensions of 
stator slot. n 
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10'20. Stator core. The flux density In the core should not exceed about 1 ’5 
Wb/m*. Generally It lies between 1*2 to 1‘4 Wb/m*. From Fig. 10’18, it is clear 
that the flux passing through the stator core is half of the flux per pole. 

Flux in the stator core—®»/2. 


Area of stator core 


flux through core 
flux density in stator core 



Area of stator core—£< X d«« 
where rfci=depth of stator core. 


Thus 


CiX </«*= 


2 Bu 


du— 


2BuX.Lt 


...(10-8) 


The outside diameter of stator lamina¬ 
tions (Fig. 10‘18). 

J) 0 3*D +2 (depth of stator slots+depth 
of core) 

■*J)+2Ai+24i 



.(10-9) 


Example 10T. Determine the main dimensions, number of radial ventilating duets, 
number of stator slots and the number of turns per phase of a 3’7 hW, 400 volt, 3 phase, 4 pole, 
6 Hi squirrel cage induction motor to be started by a star delta starter. Work out the winding 
details. 


Assume : 

Average fine density in the gap** O'45 Wb/m 1 , ampere conductors per metre—23000, 
efficiency—O'85, and power factor—0‘84. 

Machines rated at 3'7hW, 4pole are sold at a competitive price and therefore choose the 
main-dimensions to give a cheap design. 

Assume : 

winding factor—0 965, stacking factor—0’9. 

Solution. 


(f) Main Dimensions) 


kVA top* a~-r=ry 


37 


-—5*18 


Output co-efficient 


q cos p 085X0-84 
Co-11 KmBuae 10-* 

-11X0 955 X23000 X10***-108-7 
Synchronous speed •»—2 f/p— 2 X 50/4—25 r.p.s. 


a * 


Product 




For a cheap-design ratio, L/v—V 5 to 2. Taking L/r—1'5, 


we hatd 

Mem 


*56 


•is 


or -sw 


L 


l*5Xw l‘5Xx 


P 4 
D«L-l-9lXl0;«m* or 1*178 JP-T91 


>1*178. 


r»’ 
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or P-0117 matO‘12 m and L«* l ~ Q l K ffil* to 13 m. 

Pole pitch t— *P/p—x X 0*12/4—0*094 m. 

The length of core is 0*13 m and therefore cne radial duct 10 mm wide li provided. 
.*. Net iron length £<**0*9 (0*13 -0 01)—0*108 m. 


(is) Turn* per phase 

Fluxperpole Q*—Pa# L t— 0*45x0*13x0 094—5*5xlO“ , Wb. 

As the machine is started by a star delta starter, it is designed for delta connection. 
Stator voltage per phase jf,—400 V. 


Stator turns per phase T, 


SI* 

4 44 / <t>m Em 


“ 4*44X50X5*5X10'»X0*955 " ,S4S * 

(Hi) Nnmber of stator slots. It is a small sited machine and since semi-enclosed 
slots are used for this machine the slot pitch can be lower than 15 mm. However, for 
nical reasons the slot pitch should not be below 10 mm. 

Taking, slots per pole per phase q***3. 

Total number of stator slots &— 3x4x3—36. 

Stator slot pitch—y„—«P/&—wX 0-12/36 

—0*01047 m—10*47 mm. 

Total number of stator conductors—6T«—6x343—2058 


Conductors per slot 



-57. 


Actual number of turns per phase T « 


36X57 

2X3 


-342 


(to) Winding detail*. For small machines like this, a single layer mush winding 
jo semi-enclosed slots is used. In a single layer winding, each coil occupies two slots 
and, therefore, 

number of coils —36/2—18 

and number of coils per phase—18/3—6. 

* As there are 3 slots per pole phase or 9 slots per pole, the coll span is 9 slots. Coil 
side in slot 1 is connected to coil side, 1+9-10 in slot 10. Actually the coll span in mush 
windings should always be an odd number in terms of slots spanned. Here it is odd and is 
equal to slots per pole and therefore the coils are full pitch. 

The complete winding is shown in Fig. 6*491. 

Example 102, PM the main Itomimi of alt IFF, Ipkut, 461 F, 66 Bn, 6616 
f.p.m tquirnl eaQt ind Jton motor kerning *a sJMeaey «/ 9 tS and a foil load pomr fodor of 

6*6. iinw: 

optdfk magndio loading-*6 Wbfm *; opoo&c dodrie loadi*q-UM i/m 
Tilt Fit rotor psrlpUrot opmtim 
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Solution, 

kVA input 0>g8xO9 

i 

Output coefficient <7 0 *»I1 K» Bo • ocX 10~ 8 

*11X0*955 x 0*5 x 25000x 10“»*13l*3 

The speed of the rotor at full load is 2810 r p.m. and the nearest synchronous speed 
corresponding to 5J Hz is 3000 "-.p.m. 

Synchronous speed n**3000/60*50 r.p.s, 

•• > D ' 1 - cSr 10 * 

The rotor diameter in an induction motor is almost equal to stator bore. 

.*. nDn»-» 20 

or D -gsr-*' m ">• 

r _ 2-88X10-* _ 

and (()• 1275)* 77 m ‘ 


Example 10‘J. Determine lAe main dimensions, turns per phase, number of slots, 
conductor cross section and slot area of a 250 h.p , 3 phase, 60 Be, 400 V, 1410 r.p.m. slip 
ring induction motor. Assume B,,**0 6 Wb/m *. ac^*30000 Aim, efficiency **0 9 and power 
factor O'9, winding factor =*0 955, current density =*3 5 A/mm*. The slot space factor is 0*4 
and the ratio of core length to pole pitch is T2. The machine is delta connected. 

Solution. 


({) Main Dimension* 

The speed of motor is 1410 r.p.m. and the nearest synchronous speed corresponding to 
50 Ha is 1500 r.p.m. 

Synchronous speed n**1500/60*25 r.p.s. 

Number of poles *2 X 50/25*4. 

Output co-efficient C? 0 * 11X 0*955 X 0*5 X 30,000 X 10“«*157*6 


or 


kVA input 

t 


We have 

i • 

27*0*395 m 


Cmm 250X0746 
0*9 X 0*9 


230*2 


D»£* 



230*2 

157*5X25 


*58*4 X10”* m*. 


I/v-1-2 or L/DmV 2X*/4*0‘942. 
0942 d**58*4xio-* 
and £at0*375 m 


(ii) Winding 

Flux per pole «n*O*5X«x0.S95 XO‘375/4*«8 2X10"* Wb 

The machine is delta connected. 

Stator voltage per phase J#*40G V. 


Stator twm per phase SOxSraxHHXOTO" 32 ' 4 
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Total conductors-«67 , t=*6x 32**192. 

The slot pitch lies between 15 to 25 mm. 

The number of slots lies between : 

-2V-“» “-is- 84 

The machine is large in siae and therefore a large number of slots should be chosen. 

The value of number of slots per pole per phasi* and the conductors per slot should be 
so chosen that there is not much difference in the value of conductors provided and Use con* 
ductors calculated earlier. 


Taking 5 slots per pole per phase. 

Total number of stator slots** 3 X4X5—60 

Providing 3 conductors per > ot. Total number of conductors **3 X 60** 180. 

Turns per phase** 180/6**30. 

The value of turns per phase calculated earlier is 32 4. Thus there is a decrease of 
about 7 per cent in the turns provided and therefore the value of flux density would increase 
by this amourt. 


Single layer concentric winding with semi*enclosed slots is used. (The number of 
conductors per slot is odd and therefore double layer winding is not possible). 

„ , . 250 x 746 

Stator current per phase /«~-j^,j 0 xD 9 x6"'9 "* 192 A ‘ 

Area of stator conductor o#»/,/3#«'192/3 , 5« , 35 mm*. 

Total copper area in each slot**3 X 55**165 mm*. 


Total am of.lo,- “TP* j”-^ - -m-. 

space factor 0 4 

Example 10 4. Estimate the stator core dimension#, number of stator slots on 4 
number of stator conductors per slot for a 100 kW 9800 V, 80 Be, 18 pots star connected slip 
ring induction motor. Assume : 

average gap density —8 4 Wbjm*, 

conductors per metre ""86,000 4/ m » 

efficiency**0 9, pouter factor"*0 9'jeiid winding factor**0 96, 

Choose main dimensions to give beet power factor. The slot loading should not emcesd 
800 ampere conductors. 


Solution. 


kVA input** 


100 

0'9x0*9 


123*5. 


Synchronous speed n$> 


2X50 

nr 


>8*33 r.p.s. 


Output coefficient (7,-11 X0*96 X 0*4 X 25,000X 1(T*-I03 6. 

Product TOL m —140’4X MT* m*. 

For best power factor (&$*• 10*68) 

Or * Z7/12-VoTO Or ZP—2*63 J& 
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Thus, we have 2*63 L*— 140*4 X10"* 

Xr»»0*23 m and D—0*78 m. 

■■ y rt' JO 

FI ax per pole S..-0 ’4 X 12- x 0*23 - 18'fc X10"* Wb, 

Sutor voltage per phase 8 *—3300/\/3— 1905 V.. 


1905 

S«.or turn, per ph.» T.-—-- 35 ——j__a,487 


Total number of stator conductors—6X487—2922. 

The slot pitch varies between 15 to 25 mm. 

,\ The number of stator slots 8, lies between 

*X0*78X10» „„ , *xO‘78xlO» 

--- —98 and -r=-- 


163. 


The total number of slots for different number slots per pole per phase is 


Slots/pok/phste 

9, 

2 ' 

3 

4 

3 

Stator slots 

s, 

72 

108 

144 

180 


Thus we can use either 108 or 144 slots for the stator. 
WithS'-W i 


Conductor per slot Z„— 


2922 

108 


0(27. 


Stator currant per pha* /■- y, X M^,x 0 -»x 6 V ~ 21 ' 6 A ' 

Slot loading—21‘6X37*583 ampere conductors. 

This exceeds the maximum specified limit of 500 ampere conductors and, therefore, 
we cannot use 108 slots. 

With 8,-Ui 

Conductors per slot Z*i—2922/144nt20 
,\ Slot loading*>2! 6 X 20—*432 ampere conductors. 

This is below the maximum specified limit. 

/. We use 144 slots‘with 20 conductors per slot. 

Example 105. A IS kW, 440 V, 4 pole, 50 He, 3 phase induction motor it built with 
a itator bon 0'tS m and a eon length of O' 16. The specific electrio loading it 66006 ampere 
conductor* per metre Uting the data of thit machine, determine the core dimention #, number of 
stator tlots and number of itator oonducton for a 11 hW, 480 V, 8 pole, 80 Ha motor. Assume 
a full toad efficiency of 84 p?r cent ani power factor of 0 82 for each machine. The winding 
factor is 0 968. , 

Solution. 

15 kW Motor: 

I* 

kVA input— Synchronous speed n,—2 X 50/4—25 rip s. 
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Now * * {0~25}>x0'16x *5 " 87 2 ‘ 

Fran Eqn. 10*2 

C*- I! Km B *aoxlO***—II x0*955xB»*x 23000x10** 
-241'6 B„ 

Average flu* deniity in the air gap B«t—87*2/241 ’6—0’36 Wb/m*. 

Foie pitch t *« X0*25/4— 0 196 m. 

Ratio 7,/t-0*16/0i96-0*815. 

JjkW Motor i 

We have to use the same data for the 11 kW machine as is calculated above for 15 kW 
machine. 

fin—0‘36 Wb/m*; oc-23000 A/m ; 

Lj t- 0*815 and C 0 -87*2. 

Synchronous speed n«— ~~ —16’67 r.p.«. kVA — -g -g^ 

.*. Product g g y — 11 X10"* m* 

♦ 

and ratio -4r —0*815 X 0 427 

D 6 

or 0*427 D»—11XI0-* 

D—0*30 m and 1—0 125 m. 

_. nxO'SX 10* . «X0*3X10* 

The number of stator slots lies between-^-’■37 and-jj-••65. 


Using 3 slots per pole per phase. 

Number of stator slots £,—3 x6x 3—54. 

m . * 0*36 X is X 0*3x0*125 

Flu* per pole w*—--s-— 


7*07x10-* Wb. 


Delta connection is used for the stator winding. 

Stator voltage per phase £,—460 V. 

460 

SlMor turn, per pha» r- ~ !W7 ' 

Total number of stator couducton—6X307—1842. 


1842 

Conductors per slot £»,—34*1 

Using 34 conductors per slot, tetai conductors—1836. 

A Stator turns per phase T,—1836/6—306. . 

bmplslH ASphtm, 440 V, 790 r.p.m,, 90 Jh H§r mmtkd induction motor. Im 
n ototor with da internal diametn of 0 25 m and an osrftsl Umgth of 9'14 m. H hot 49 doto 
conductor* ptr ttot. Oalentok tk* air fopfhm per pots. 
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Ths arta of sack stator conductor it to be S mm*. Calculate (Ac width and the depth of 
the el at to accommodate the stator conductors The maximum flue density in the teeth is to be Tf 
Wb(m* Conductor insulation is 0 OS mm thick and slot insuhstion is 0’8 mm thick. Make 
Other suitable assumptions. 

feint ioa 


Synchronous speed is»—750/60— 12 5 r p.a and number of poles p—2x60/l 2'5—8. 

Volt ige/phase -254 V. 

Turns per phase T, ••19?. 

254 

Flu* p*r pole 4 - 44 x 50 x 192 x 0*955 “ 6 24x 10 * Wb. 

Circular conductors are used with a bare diameter of 2*53 mm (area 5 mm 1 ) 

Diameter of insulated conductors—2 53+2 X 0*08m2 7 mm. 

There are 24 conductors por slot. Let us assume that there are 3 conductors width 
wise and 8 conductors depth wise. 

A Width of stator slot 

IFm— number of conductors wid bwise X diameter of Insulated 
conductor+2 (width of slot insulation)+slack 

—3x27+2 x0*8+0*8—10*5 mm. 

(The slack along width is assumed as 0*8 mm) 

Depth of stator slot 

do—number of conductors depth wise X diameter of insulatid 
conductor+SX width of slot insulation+depth of wedge 
and lip+slack 

—8 X 2*7 •+ 3 x0*8+4+1 *0—29*0 mm. 

(The slack along depth is taken as 1 mm) 

Let us check for maximum flux density in teeth. The tooth width is minimum near 
the air gap surface and therefore flux density iu teeth is maximum at this section. 

The core length is 0*15 m and therefore one radial duct 10 mm wide is used. 

The stacking'factor is*assumed*as 0*9 » 

Net com length £<«0*9(0’15-1 X 0*01)-0*126 m. 

Slot pitch Tw—xX0‘25x 10»/48-16*36 mm. 

Tooth width at the'gap surface Wu— 16*36—10*5—5*86 m. 

Maximum flux'densliy in teeth 

6*24Xl«r* , 

“ (4H/8)x0120X5&Xl0“f 1 61 Wb/m , 

Tbit h below (be maximum allowable Unit of 17 Wtym 1 . 


9 
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ROTOR DESIGN 

10 21. Length of air gap. The Colouring factor* shraU be considered when estimac 
ting the length of air gap. 

(«) Tower factor. The mntf required to send the ft »x thtough air gap is propoff 
tional to the product of fluTTdttttlW Mw**the"tetigih gib Evin" Wtth tny l i nl ' 

del«^ KriTrgan ii"much"m7frthiuTthat fVthc rest of the magnetic 

circuit. Therefore, it js the length of air gap that primarily determines the magnetising 
current drawn by the machine* ' 

Fig 10*19 shows phasor diagrams of an induction motor with two different gap 
lengths where F#-» stator applied voltage, 

^•“»ir gap due, K r «* rotor induced emf, 

/r«“iotor current, //—rotor current refer* 
red to stator side, /»■»magnetising current, 

/(■•loss component of no load current, 

/•■■no load current, /««utator current and 
phase angle between itator applied 
voltage and stator current. Subscripts 1 and 
2 refer to two different cases with phasor 
diagram of the machine with greater gap 
length ».e. case 2 shown in Fig. 10 19 (6). 

>Tne mignetising current in cate 2 i* greater 
l€fsn tb.it in Case 1 and therefore the phase 
angle between stator applied voftage and 
stator current is greater for case 2 ti. fa is 
greater than fa d rcbrf, til Imaller than 

cos fa* Hence, the slower factor of machine with a greater gap length is smaller. 

(*») Over-load capacity. The over load capacityj)f an induction motor is defined 
as the r atio ‘ 

"motor” 

MNIAL. 



Fig. 1019. Effect of length of air gap on 
power factor. 


S”i ----—-1--# • awnw vi nil muwvmw 

ratio Qf jLkfi-jmaaimum output to the rated output. The maximum output of induction 
is obtained from its circle digram as SftdWn in Tig: 10*20. The overload capacity it 




Fig. 10*20. Effect of leakage reactance on overload capacity. 


Fig. 10*20 shows the circle diagrams of two induction motors with different values 
of leakage reactance. The diameter of the circle diagram it V$(X$ wham X$ hi the leakage 
reactance of the motor referred to the stator side. Thus, smaller the leakage reactance 
greater the diameter of circle diagram. The circle diagram shown in Fig. 10*20 (5) fa for a 
machine with agmaUer leakage reactance than that of a machine whose circle diagram fa 
shown in Fig. 10*20 {a). The diameter of the circle diagram of a machine with smaller 
leakage reactance Is obviously greater. It is dear from Fig. 10*20 (•) and (I) that m 1 
overload c*^*dty IRatio a machine having smaller leakage mactaam. 
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* 

The length of air gap affects the value of sty sag leakage react*nee which forms a large 
part of total leakage teactance in thecase of iiiUwtlorr motOnfT 

wn, the sigsag leakage flux is reduced resulting in a reduced value for leakage reactance. 
**"WSn the'decrease in the valu’ of leakage reactance, the di a raster of circle diagram increases 
apd lusflcc the overload capacity increases. Pherefore, greater Is the length Of alf gap, 

' 'greater is the over! ad c»p »city. 

(t{i) Pulsation loss With large r length of air gap, the variation of reluctance due to 
slotting is small The troth puls ition loss, which is produced due to variation in reluctance 
of the air gap. U r <d'tced c:nrdingly. Therefore, the pulsation loss is lesi with large air 

gaps 

(iv) Unbalanced magnetic pull. If the length of air gap is small, even a small 
^deflection or eccentricity of the shaft would produce a large irregularity in the length Of air 
'"gap and is rciponsibl■ for production of large unbala ced tnagn tic pull which has the 
" tendency to bend the shaft still more at a place where it is already bent resulting in fouling of 
rotor with stator. If the length ofair gap of a machine is large, a am ill eccentricity would 
not be ab'e to produce noticeableunbalanced magnetr mil (See Art 4 20 page 179). 

(v) Cooling If the length of air gap is large, the cylindrical surfaces of rotor and 
stator are separated by a large distance. This would afford better facilities for cooling at 
the gap surfaces especially twhen a fan is fitted for the circulation of air. 

(vi) Nolee. The pr ncipal cause of npise in Induction motors is the variation of 
reluctance of the path of the sigsag leakage, flux*. To ensure, that the" noise produced will 
Hot be objectionable, iris nccettsttfTo' make the sigsag leak ige as small as possible. This 
can be done by increasing the length of the gap. 

i Frora abo ’e, we conclude that the length of air gap in an induction machine should 
be as small as mechanically possibls in order to keep down the magnetizing current and to 
, improve the power factor This is a major consideration. But if a higher overload capacity, 
better cooling, reduction in noise or reduction in unbalanced magnetic pull is important, 
v large air gap lengths should be used. 

10*211. Relations for eolealatlon of length of olr gap 

(s’) In order to estimate the length of air gap of small induction motors, the following 
expression can be used 

if»0*2+2 *\/DL mm ...(10 10) 

where D and L are expressed in metre. The air gap is a mere clearance be ween rotor and 
stator and is mads smaller than the value given by Eqn. 10*10 if roller and ball bearings are 
used. 

(ii) Another expression, which can be used for small machines, is 

ty-0‘125+0*35 D+L+0 015 Fa mm ...(10*11) 

where D and L are expressed in metre and Fa is the peripheral speed in metre per 
second 

(Hi) The following relation may also be usefully used 

b-O‘2+0mm ..,(1012) 

where D h expressed in metre. 

(to) For machine! with journal bearings, following expression may be used 

ty»l’6V0 -025 mm ...(i0‘13) 

wkfre £ Is expressed in metre. 

The following air gaps may he used for 4 pole machines. 
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Table 102 

Length of air gap for 4 pole machines 


D 

m 

If 

mm 

D 

m 

* 

mw» 

0*15 

035 

0 45 

1*3 

0-20 

0*50 

055 

18 

0*25 

0-60 

0*65 

■ 25 

030 

0-70 

080 

40 


Rotor diameter Agitator bore—2 X length of air gap»A— 2l t 

DESIGN OF SQUIRREL GAGE ROTOR 

16*22, Number of rotor slots. The selection of number of rotor slots in squirr<l 
cage motors is very important and a considerable attention should be paid to select a suitable 
value. This is because with certain numbers of poles and of stator and rotor slots in squirrel 
cage motors, peculiar and deleterious behaviour may be observed. With certain combination 
of stator and rotor slots the machine may refuse to start or may crawl at some subsynchro* 
nous speed. In ome cates, sev ere vibrations may be set up generating excessive noise. 

These effects are produced by harmonic fields. The harmonic fields are due to : 

({) windings, (**) slotting, {Hi) saturation and (to) irregularities in the air 

*ap. 

The harmonic fields are superposed upon the fundamental sine wave field and induce 
emfs in the rotor winding and thus circulate harmonic currents. These harmonic currents, 
in turn, interact with the harmonic fields to produce harmonic torques. In fact the harmonic 
fields may be thought of as separate low power motors that are direct coupled to (lie same 
shaft as the fundamental. Therefore, the net motor torque is equal to the sum of the torque 
due to the fundamental and the torques produced by a myriad of harmonic fields. 

It should be understood that the space harmonic fields have more poles than the 
fundamental and therefore have lower synchronous speeds. Some of these fields revolve in 
the forward direction and some in the backward direction. At motor speeds above their 
respective values, the forward rotating harmonic fields produce braking' torques while the 
backward rotating harmonic fields produce braking torque at all speeds. 

In addition the harmonic fields are responsible for increase in stray load losses and 
increased motor heating. 

The essential difference in behaviour of wound rotor and squirrel cage machines is 
that the cage rotor, being a multiphase winding, will circulate currents due to any harmonic 
emf produced by the gap flux except that which has a wavelength equal to the pitch of the 
bars, the wound rotor machines on the other hand tend to reduce the effect of most 
harmonic i. 

' The effects of space harmonic field* produced by windings am greatly intensified by 
slotting, which not only introduces steps in the mmf wave, and produces further harmonics, 
but also modulates the gap flux. Therefore, the choice of rotor dots is particularly 
important in the case of squirrel cage machines. Any bad combination of stator and rotor 
slots may result in awkward behaviour. 

The effects of harmonics are explained below in details.j 

1. H e rm e nir fa de d o a to arqaea. It has been explained earlier (page 314) that a 
S^feito windiiV a^^ currents produoas harmonicsCf the order »-«y±l, 
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where N ii an integer. The movement of die harmonics is with or against the direction of 
rotation depending upon the sign (+ means with the rotation and -means against the 
rotation). The number of poles for the nth harmonic is s times the number of poles of the 
fundamental and therefore the synchronous speed of nth harmonic is I/nth of the synchronous 
speed of fundamental. 

Now a three phase winding will produce a forward rotating 7th harmonic and a 
backward rotating ;th harmonic (for JV-l). The 5th and the 7th harmonic fluxes maybe 
deemed as produced by uts of additional poles superimposed the fundamental poles. They 
generate rotor emfs f currents and torques of the same general torque/speed shape as that of' 
the fundamental but with synchronous speeds 1/5 (backward) and 1/7 (forward) of the 
synchronous speed of fundamental as shown in Fig. 10'21. 


The 7th harmonic torque reaches its maximum just before I/7th synchronous speed, 
but beyond this spied the 7th harmonic torque becomes negative, since the slip in the 
harmoinc .i Id is negative. The resultant torque-speed curve combine j with the fundamental 
shows marked dips and with certain slot combinations the dip due to 7th harmonic may 
become very pronounced. Assuming that the mechanical load on the shaft involves a 
constant load torque, the torque developed may fall below this load torque and, when this 
occurs, the motor cannot accelerate upon its full speed but continues to run at a speed a 
little lower than the !/7th synchronous speed this is called Crawlisig, 



Fie. 10*21. Dips caused by Stlt and 
7th harmonica in the torque-speed 
characteristics. 



Slotting produces harmonics of the order 6Agdb (see page 30S) in a 3 phase 
machine, where A is any integer. Considering a 4 pole 36 slot machine. The dots per 
pole per phase are g«-3. Thui H“J8±l'- , 19th and 17th harmonics are produced due to 
dotring. The 19th harmonic field rotates forward an.I 17th harmonic field rotates back¬ 
ward. Thus the dips in the torque speed characteristic would be produced at *H/19and 
—1/17 of synchronous speed (Fig. 1022.) The effect of production or caps may be augmented 
by rotor dotting. Corresponding to the above 4 pole, 36 dot stator if we choom76 rotor 
dots, there would be one rotor bar corresponding to every 19th harmonic pole. Thus the 
19th harmonic torques would be very large and rite rotor would vibrate considerably at 
tboarn In Fig. 10 23. Therefore, it is necessary to avoid values of rotor dots exceeding stator 
■lota by about 15—30%. 

2 Harmonic spuhromnu torques. If the stator and rptor harmonics of dm 
same order fa, having the same number of pales, are present, die torque will be alternately. 
iocfHNnitedirootioiisai they move pa«t each other. But if their meeds happen to coincide, 
they wQl lock ogetber, if sufficiently p iwerful, giving rise tq a synchronous torque. In such 
a case die mot»r would crawl at constant ^ibsyachronous speed. 

The stator produces harmonics (duo to staring} of tha older 

U-eg-fcletf to/p)±l (ford-l). 
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These himonics revolve at a speed l/» of synchronous* apeed with respect to 

stator 



Pig 10*23. Intensification of torque produced by riot harmonics due to 
improper riot combination. 

The rotor slotting produces harmonic fields of the order 

»'-2 (Srf,)±\ 

aid they revolve at a spied 1/a' that of the fundamental. The speeds would be equal If 

2 (S.lp)± 1-2 <Sr/p)±l. 

One of the possibilities for this to happen, is when 
or when number or stator slots is equal to number of rotor slots 

Thus when the number of rotor slots is equal to the number of stator slots; the 
speeds of all the harmonics produced by stator dotting coincide with the speed of corres¬ 
ponding rotor harmonics Thus harmonics of every order would try to exert synchronous 
torques at their corresponding synchronous speeds and the machine would refuse to start* 
This hi known as Gagging. Therefore, the number of stator slots Should never be equal to 
the number of rotor slots. 

An alternative way to explain the phenomenon of cogging is t 

The magnetic circuit has always the tendency to align itself In a position' of 
minimum reluctance. Thus if the number of rotor slots is equal to the number ofstntor, 
there exists a position of minimum reluctance, when the teeth of rotor and stator are attgned 
opposite to each other. The radial alignment forces become very strong when the machine 
is at rest and these may exceed the tangential accelerating force thereby preventing the motor 
from starting. 

The cogging effect will always be present, though in reduced degree, whenever the 
number of rotor and stator slots have a common factor. 

However, when the number of rotor slots is a prime number, the rotor will nil tip 
time be chasing a position of minimum reluctance but never to find it. Hence in this case 
there is no t idency to cog. 

The other possibility can be t 

2 (fr/p)+1 -2 (&/p)~l or Sr-S,-p 

Thus the forward rotating harmonic field produced by stator dotting moves 
syacbroaoudy with backward rotating harmonic field due to rotor slotting if the mfeoane 
of stator and rotor slots is equal to number of poles. 

Considering a 4 pole stator with 36 dots. It produces a forward rotating 19th 
harmonic whieh revolves at a speed m/19 with respect to stator. If the rotor slots are 49, it 
produces a backward rotating 19th harmonic. Its speed with respect to rotor is l»w—*f)/19 
where nr is the speed of the rotor. The rotor itself revolves forward at a speed *r and (bare- 
fore it revolves its 19th harmonic nt a speed : 

( w > ■■" * ») /19-Hv 
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with respect to itator. Therefore, in orJer that the two fields may resolve synchronously 

»i/19«—(nr—i»r)/19+*i- or Nr*»«»i/10 


Thus the machine would crawl synchronously at 1/10 synchronous speed* Fig. 
■hows the saddle effect produced by 19th harmoni* at l/10th 
synchronous speed 

Thus in order to avoid synchronous cusps the difference 
of stator and rotor 'lots should not be rfcp or a multiple of p. 

The difference in harmonic induction and synchronous 
torques (shown respectively in Figs. 10 20 and 10 24) is that 
the operating speed changes slightly for the former but is 
constant for the latter, for a small variation of the shaft load. 


10*24 



•w 


3, Vibration* and uoiee. When the rotor runs, 
its teeth continuously move with respect to the stator teeth. 

"This results in the rapid variations in flux density in the gap 
thereby producing rapid changes in forces or attraction between 
The teeth, being cantilevers, respond to varying forces and are set 


Ng. 10*24. Harmonic 
synchronous torque 
and synchronous 
crawling. 

stator and rotar teeth. 
Into vibrations The 

Vibrations are lafge in machines with few poles since the variations in force are more 
concentrated. 


Noise production in squirrel cage induction motor can be strongly supported by 
unbalanced magnetic pull. When the sotor runs, the unbalanced magnetic pull moves round 
the air gap at a definite speed andl causes the rotor to vibrate At some speed of the rotor 
these vibrati ms may beginTo resonate with the natural oscillations of the rotor. If t‘ is 
phenomenon attains further development, it may make the rotor operation impossible. 


The varying forces of low frequency are important because of their ability to 
transfer vibrations to the structure, while forces in the frequency range lOH*—10kHz cause 
accoustical effects like humming and whistling etc. 


An analysis shows that the vibration torques are produced if &—£ r —±1 ±p, Some 
of the investigations show undesirable slot combinations (as far as noise is concerned) may 
exist If ffr*»;fc2dbp. 


Consider the relationship: 

St —j8r—± 1 ip 


Now number of stator slots &»3p g«. If q, (<.«. slots per pole per phase of stator) 
is an integer, St is an even integer. Therefore, examination of the above relationship will 
mveal that rotor with an odd number of slots is undersirable from the point of noise and 
vibrations. 

4, Voltage ripples. The harmonic fields produced by the stator current induce 
harmonic currents in the rotor which in turn reflects back additional harmonic fields into the 
itator. This cause ripples in the terminal voltage and also additional iron losses. 

The voltage ripples produce high frequency currents in the supply lines which, in 
turn, may produce inductive interference with communication circuits. 

16*22*1. Rales for selecting rotor slots. The following general rules should 
be followed concerning the choice of rotor slots for squirrel cage machines. 

(i) As stated earlier, the number of rotor slots should never be equal so stator dots 
hot must either be large or smaller. Satisfactory results are obtained when the number of 
rotor dots is 13 to 30 per cent larger or smaller than the number of itator slots. 

(It) The difference between stator slots and rotor slots should not he equal to p, 2p 
orfip to avoid synchronous cusps. 
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« J***) ,^ C difference between the number of stator and rotor slots should not be equal 
to 3p for 3 phase michmes in order to avoid magnetic locking 

(tv) The difference between number of stator slots and rotor tlo^s should not be 
equal to, 1 2, (pi 1) or (pi2) to avoid noise and vibrations. 

Summarising, ja 

8$ — r should not be equal to 

0, ip, i2p, i.3p, i5p 
il, i2, i(pil), i(p±2). 

10 212, Redaction of harmonic torques 

Following are some of the methods used for r<idu< tion/ilimination of batmonic 
torques. 

(f) Ghording. The simplest way to eliminate the hirmonic induction torques is to 
weaken the stator winding mmf harmonics. In order to achieve this, chorded windings with 
integral number of slots per pole per phase arc used. 

(»t) Integral slot windings. Windings with fractional number of slots per pole 
per phase create asymmetrical mmf distribution around the air gap and favour the creation 
of noise in the motor. Therefore, fractional slot windings are not used for induction motor 
stators'and only integral slot windings are used. 

(Hi) Skewing. The motor noise and vibrations, cogging and synchronous cusps 
can be teduced or even entirely eliminated by skewing either rbe stator or the rotor. The 
practice generally followed in India is to skew the rotor (See Fig. 10 25). If either stator or 
rotor slots are skewed, the variations in flux density, magnetic pull, and torque due to the 
dot openings wilt be displaced in time phase along the core length, resulting in more uniform 
’ torque, less noise, and better voltage waveform.' Jn order to eSmnate the effect of any 
•- harmonic, the rotor bars should be skewed through an an;!« so that the bass lie under 
alternate harmonic poles of the same polarity or in other wutas, bars must be skewed through 

two pitches. Suppose it is desired to eliminate a hatmoiuc of the order n in a machine with 
' p poles. The number of nth order harmonic poles it np. 

Angle between two adjacent harmonic poles—360/np. 

For elimination of nth harmonic by skewing, 

angle of skew 0«"72O/nXp degree mechanical ...(10*14) 

The electrical angle of skew is : 

«• 0#*»(72O/np) (p/2)«360/n degree electrical 
’ *»2*/n electrical radian 


A skewed rotor bar is, in effect, spread over an angle 0«s and its induced emf is reduoed 
in accordance with the distribution facton. 



bt sin fa/2 

K ‘ i — 

...(1015) 

and 

- sin n6b*/2 

**— iS52 

...(10i6) 


for the fundamental and nth harmonic respectively of the gap flux. 
It is dear that if 0s*'*2»/n 


!*»*• 

and nth harmonic emf reduces to aero thereby completely eliminating the harmonic. 


•in 2n/2 „ 

T5J5 0 
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This i < clear from the phator diagram for the nth harmonic shown in Pig 10 25 
The nth harmonic emf is re laced to aero sin ;e its phase spread‘is 2«. 



* 

The usual practice is to skew the rotor through one stator slot pitch. Let us examine 
the effect of skewipg the rotor through one stator slot pitch. The angle of skew is, t> erefore, 

p/8, electrical radian. 

Order of slot harmonics n*»2(A/p)± I. 


Distribution factor for the slot harmonics 


p. sin n 6*k/2 sin [2(*S,/p)±l] np/28, 
*** n O.k/2 * [2{8,/p)±l] np/28. 


sin [n±n P/28,] 
n±np/2 8$ 


db rin n p/28$ 
«±n P/28, 


Let us take the case of a machine with 4 poles and 36 stator slots. 
Order of slot harmonics 

»-2&/j>±1«2xI9/4±1-*I9, 17. 

» 

The distribution factors for the slot harmonics are : 


2s, 




—sin a X 4/(2 X 36) 


«+* X 4/(2 X So) 


■0-052 


and 


„ + sin n X 4/(2 X 36) 

A * l ’~ W-WX4A2X36) 


-0 058. 


This shows that the emf induced owing to slot harmonics is drastically reduced. (The 
ntagnit ids ieduces to 5—6%). Thus it is sufficient to shew the rotor through one stator 
riot pitch. 

Fig. 10*26 shows the speed torque curves of a motor with and without slot skewing. 
It is dear that die harmonic torques are eliminated by skewing and there are no dips in the 
torquaenpeed characteristics. 



Fig. 10*26 % Torouo-spoed characteristics with and without towing. 
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Stowing decreases the winding factor for the fundamental and increase* the leakage 
flux in the motor. Therefore, it lowers the power factor and ov rload capacity of the 
machine, 

(tv) Increase ia air gap length. An increase in , air gap length, decreases the 
harmonic torques. But an increased gap length leads to an increase in no T&a^ Cflrrftnr 
and tfiiii makes the motor power factor poor. Therefore, only in motors of high reliability, 
for mechanical reasons, the air gap is made larger than the normal siw. 

Esanptt 1<H. ITplatt 4 pole, 50 Hi m i'or his 24 stator an! 41 rotor slots and 
his a crawling spud of ll'S r p m What are the p ‘raise causes fo ■ this abaci ml per for moats ? 
Explain that the machine has large vibrations. 

Solution. Synchronous speed =** 1 20 X 50/4 *® 1 500 r. p.m. 

(t) Let us first consider h trmonic fields produced by windings. A 3 phase winding 
produces harmonic fields of order 

n=*6N ± I where N is an integer. 

For iy* 8 *!, »»6x l±l**7,5. 

Thus the win ling produces i forward rotating 7th harmonic and a backward rotating 
5th harmonic field. 

If the 7th harmonic is strong, it *ili make the motor run at approximately 1 /7th of 
synchronous speed, 

1 /7th synchronous speed** 1500/7«*214 3 r p.m. 

But the crawling speed is 155 r.p.m. and therefore 7th harmonic produced by 
winding not responsible for abnormal behaviour. 

For #**2, »»»6x24*l**»l3. 


Synchronous speed corresponding to 13th harmonic*** 1500/13*** 115*4 r.p.m. 

Therefore, the machine will run at about 115 r.p.m. if 13th harmonic has sufficient 
strength. 

(U) Let us consider the harmonic fields due to slotting. 



±1 


2x24 

4 


±1-13, 11 


Thus there is a forward routing 13th harmonic, the synchronous speed corresponding . 
to which la 115*4 r.p.m. Therefore, the machine crawl; at about 115 r.p.m. 

Hence the 13th - harmonic fields produced by stator winding and slotting am 
responsible lor crawling of machine at 115 rp.m. 


The machine produces 11th harmonic field. The number of 11th harmonic poles 1$ 
11X 44. Thus there is a rotor bar corresponding to every 11th harmonic poles aim them* 
fore there will be very large 11 th harmonic current flowing in the machine which will catue 
it to vibrate violently. 

' ' 

Example It'S. A 8 phase, 4 pole 80 Be Induction motor has 94 stator and 98 rotor stots. 
Prom &at it has a tendency to run as a synchronous motor at 914‘8r p,m. 

Swi m s *. Synchronous speed n**»2X50/4"*25 r.p.s. 

Order of for ward rotating 6eU produced by its tor slotting »-2x 24/4*1-13 
mid # revolve* «* a speed*/! 3 with resprn to ttator, 
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Order of backward rotating field produced by rotor slotting 

n'-2x28/14-l~13. 

Its speed with respect to rotor is - (a.-Hr)/13 where nr is the speed of the rotor. The 
rotor revolves forwar 1 at a speed nr and therefore it revolves its 13th harmonic at a speed t 

—(n«—Hr)/13+nr 

with respect to stator. 

Hence in or «er that the »wi fiet Is may re 'olve synchronously with respect to each 
order, we have : 

n» _ n»— «r 

is mnr T ~ 


•\ Speed of rotor *r»»./7—25/7 r p.s «*2 *4*3 r.p.m. 

Therefore, the motor hai a tendency to crawl at 214 3 r p.m (fixed) due to harmonic 
synchronous torque. 

Example 10 9. AS phase, 4 pole induction motor haj 24 clots. Calculate the order of 
harmonics produced. It is desired to completely eliminate the higher order slot harmonic, 
find tts angle through which the bi's must be skewed. Find the effect of skewing on the lower 
order harmonic. 

a 

Solution. 


Order of slot harmonics n*=2(3tfp)± I *“2(24/4)dbl“ 13, i I. 

It is desired to completely eliminate the 13th harmonic. 

Angle of skew 6,»720/(nXp)-720/(13 X 4)-13'85* mech. 
Electrical angle of skew 0 t k«»(4/2)X 13 85—27’70 p —0’483 radian. 
Distribution factoi for 11th harmonic 


Ks 


u* 


sin nfl,s/2 sin 11 X 0*483/2 j „ 

n6«s/2 “ 11x0*483/2 


Therefore, the Nth harmonic emf with skewing is reduced to 17 6% of value obtained 
without skewing. 


10 21. Design of rotor bare and slots 


10*23*1. Rotor bar current. 

From Eqns. 11 *46 and 1 i *47, current in each bar 

, 2rn,KmT, w 

—-%r — I$ 009 * 


For a three phase machine 

, 6 1,T twr 

h — sT Km co * * 


•••(10 17) 


atO*85X 


6 UT, 

-jr 


The above relation may be interpreted as that the rotor mmf Is abopt S3 pm pent of 
stator mmf. 


16*23 2. Aren of rotor burn. Hie performance of an induction « nf tor fe mostly 
influenced by the resistance of rotor. A motor designed with high rotor resistance has the 
advantage that it has a high starting torque, However, a rotor with a high rmb^aoe has 
rise disadvantage that its M loss is greater and therefore its efficiency is fooortwder 
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The value of rotor resistance depends upon the current demlty used for rotor 
con luetors, the higher the current density, the lower is the conductor ares and greater the 
resistance. Therefore, a rotor designed with a high value of current density results in high 
starting torque and a lower efficiency for the machine. 

The rotor resistance is the sum of the resistance of the b us an i the end rings. The 
cross-section of the bars and the end rings must be so selected that a proper value of rotor 
resistance is obtained i.e, a value of rotor resistance which meets both thv requirements of 
starting torque as will as the efficiency. 

It is desirable to have a compromise between a hi^h resistance rotor which gives a 
good starting torque and a low resistance rotor which gives a high value of efficienry under 
running conditions. 

Current density in the rotor bin may be taken between 4 to 7 A/mm*. 

Area of each bar «»•*/»/)» mm* 
where &» is the current density in rotor bars. A/mm*. 

10 23'3. Shape and aiae of rotore alota. The rot ir slots for squi'rtl cag<> rotor 
may either be closed or semi-enclosed types (Fig. 10*27). 

anoo 

Pig. 10*27. Types of rotor slots. 

Closed slots are preferred for small siae m achines because the reluctance of t he gir 
gap ij~hpT lat'gi; owiTTg to aBSence of slot opening s. This ylvei' a" .reduced value of magneti* 
Tintrn-—"*- —As tHe surface of the’rotor is* smooth', the operation of the’ machine 7s quieter.’ 
'The biggest advantage is that the leakage reactance with closed slots is large and therefore 
the current at starting can be limited. This is very useful in the case of machlhCs 
which are started with direct on-line starters. But the disadvantage is that the 
increased value of reactance results in reduction of overload capacity. A semi-enclosed 
slot gives a better overload capacity. 

The rectangula r shape d bars and slotj are generally preferred to circular bars and 
slots asTKe dgher leaka Hereactange of the J<mE_parL of lh« itctanj^'^anT^un^ 
starting, forces most of tne current through the top of the bar. Tbii increases the rotor 
resistance at starting and improves the starting torque. Deep slots, however, give an 
increased leakage reactance and a high flux density at the root of the teeth. 

10 23*4. Rotor slot insulation. No insulation is used between bars and rotor 
core. A clearance of 0 15 to 0*4 mm can bs left between rotor bars and the core depending 
upon whether slots are skewed or not. Higher clearancss have to be left for the skewed 
slots. 

10 24. Design of and rings 

10*241. End ring entreat. The distribution of current in the bars and end rings 
of a squirrel cage motor is complicated. Fig. 10 28 (a) shows a developed cage winding under 
two pole pitches. 

The stator winding is a 3 phase distributed winding au<! 'hut pr.-vlucr* a revolving 
field. This field may be considered as sinusoidally distributed In space as the harmonics in 
most cases are smalt and produce only secondary effects, This revolving field produces emfi 
of fundamental frequency In the bars. Fig. 10*20 (*) throws the magnitude of emft in the ban 
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and if the ten are assumed to be infinitely distributed, the distribution of emft can be con¬ 
sidered as sinusoidal in the ten over a pose pitch. These etnfs produced fat the bars would 
circulate currents as shown in Fig. 10 28 (a), If the resistance of end rings is negligible as 
compared with that of the bin, die resistance coming in each current path is the resistance of 
two ban. Thus the current which the ten carry would be proportional to their instantaneous 
’emft which in turn depend upon the position of the bars in the magnetic field. Thus the 
wave which represents the emf would represent the bar current ate. Fig, 10 28 (d) shows 
* the wave representing currents in ban. 

It is observed from Fig. 10*28 (c) that at points where the current is maximum in the 



Pig. 10*21. Carreat distribution la sg uk ssi esgs totoa. 


ban* current is aero In the end rings but the end ring current is asastim nm wtere tte currant 
ha the ten is aero. Tte current in the end ring* ft ate sinusoidal, Hs nature being as indite- 
tod in Fig. 10 28 (a) and (d). 
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It should be understood that the end ring resistance, if not negligible, will tend to 
distort the bar current distribution frotr wing sinusoidal. 

Considering a group of rotor b. 5 under one pole pitch, one half w >uld send current 
to an end ring in one direction and tl other half in t'e other d-rtc.ion. If i he maximum 
value of the current in each bar is /t ( « M) an 1 if the cui ent is maximum in all the bars at 
the same time, then maximum value of the current in t! ; end ring : 

bars per Dole , , Sr . 

=-^-Xcurrtnt per bar~“— /t|*«i 


H jvvi v< r, current is not maximum in all the bars under one pole at the same time but 
v ries according to sine law ; hence, the maximum value of the current in the end r' g is 
the average of the current of half the bars under one pole. 


M tximum value of end ring current 


r 2 Sr T 


or 


But the bar current varies sinusoidally 

2 8 , 




•^?It 




The end ring current also varies sinusoidally. 


R.m s value of end ring current 




1 

V2 


2_8r_ 
* 2j» 


y/2It 


Sr It 

np 


...( 1017 ) 


10 242. Area of end Hags. The value of 
current density chosen for the end rings should be such 
that the desired value of rotor resistance is obtained. 

Ths jteniilation is generally better f ^ r end rings 
and therefore a slightly higher value of current density 
than that obtAming inrotor bars can Be taken. ~ 

Area of each end ring 

ot' ,m It/8»" m 8rIkfftp Be mm* 
where ••—current density in end rings. A/mm*. 

Area of ring «•—'depth of end ring 

X thickness of end ring. 



Fig. 10'29. Dimensions of end ring. 


»d.X U 


10 24 Fall load aUp The value of slip at full load is determined by the rotor 
resistance. A reasonable value of rotor resistance to be incorporated in the rotor can be 
obtained by the knowledge of reasonable values of full load slip. The value of slip, s, is 
derived from the following relationship 


rotor copper loss s 
rotor output " 1 —• 

where «is the per unit slip. 

Table 10*3 gives the usual values of 
rat&Rgi 


...( 10 * 18 ) 

per cent dip at lull load far various 
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Assuming K»,*=K*r 


& 


VI 


Er 

E, 


231 

«y 


roior turns per phase 7V— -g 

Rotor conductors per slot=—o!4. 

Actual number of rotor conductors=4 X 72=288. 

288 

Actual number of rotor turns per phase Tr**—^- 


G3«=50 4ei50. 


>48. 


(c) and (d) Actual rotor voltage per phase at standstill Er—-^- x 289=220 V. 


Voltage between slip ringa<at standstill=V“3X220=38: V. 

Coil span =s lots per pole=72/8=9 slots. 

90 X10* 

(«) Stator current per phase /.> 7 -—___ 13 4-3 A. 

Since power factor is 0 * 86 , the rotor mmf may be taken as 0 86 of stator mmf. 

Rotor current per pi ase Ir=0*86 =0 86 X 6 - =151 6 A. 

It 48 

10 26. Rotor teeth. The width of rotor slot should be such that the flux density in 
the rotor teeth does not exceed about 1 7 Wb/m*. The maximum flux density for r^tor tretli 
occurs at their root as their section is minimum there. 


Minimum width of rotor teeth Wit (min.)= j 7 x (g ^ 

It should be checked that the value of minimum tooth width actually 
machine is higher than the value given by Eqn. 10*20. 

Minimum width of tooth actually provided 


...( 1020 ) 

provided in the 


rotor slot pitch at the root—rotor slot width* 


ji'Dr—2d*r) 
Sr 


...( 10 - 21 ) 


where &r=depth of rotor slot and Fir* width of rotor slot, 

10 27. Rotor core. The flux density in the rotor core is generally e jual to stator 
core density. | 

Depth of rotor core d«r=--; ^ ~ sirXLt •• (I0"22i 

where £«r=flux density in the rotor core. 

Inside diameter of rotor lamination Di=Z>f— 2(<fir+<M . ..(10’23) 

The flux density in rotor teeth and core can be taken slightly higher than those in the 
stator teeth and core. This is because the iron losses in the rotor are very small owing to 
small value of frequency of rotor currents. 

10 28, Sixes of induction motor lamination* available in the market. The 

two major firms supplying induction motor, fan and transformer laminations are: 

1. M/s Guest Keen Williams Ltd. 

Precision Pressings Division 
Lai Bahadur Shastri Marg, Bhardup 
Bnmhav 400078. 
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2. M/s Devidayal Stainlen Steel Industries Private Ltd. 

Electrical Stampings Division 
P.O. 6224, Darukhana, Reay R->a<l. 

Bombay. 

The various sizes of single phase and three phase induction motor stamping* manu¬ 
factured by Precision Pressings Division of M/s Guest Keen Williams are given in Table 10 4 
while those manufactured by Electrical Stampings Division of M/s Devidayal Stainless Steel 
InduMiits are given in Table 10*5. 

The various slot sizes given in Fig 10*30 and 0 31 are due to M/s Devidayal Stainless 
Steel Industries. 


Table 10*4 

A G. single phase and three phase induction motor laminations 
(Manufactured by M/e Guest Keen Williams) 


Sankey 

Type 

No. 

STATOR 

/tOIDR 

Approximately 
pairs 
per kg 
(0'5 mm) 

Outside 

Dia. 


Slots 

No. 

Outside 

Dti. 

Inside 

Dia 

Slots 

No. 

108 M 

3 /4* 

H 

30 

2' 

9/16' 

17 

47 

166 M 

4 1/4' 

2-1/2' 

24 

2 1/2' 

0-465' 

17 

43 

16S M 

4 1/4' 

2 1/2' 

24 

21/2' 

0 465' 

32 

43 

D 492 

4-9/ 6' 

2*17/32' 

24 

217/32' 

7/16' 

23 

36 

D 922/R 

120 mm 

2-7/16' 

24 

27/16' 

5/8' 

17 

33 

138 M 

5-7/16' 

31/2' 

28 

3-1/2' 

3/4' 

20 

25 

D655 

6' 

3-3/8' 

24 

3 3/8' 

1' 

30 

18 

165 M 

6' 

3-3/4' 

24 

3-3/4' 

7/8' 

48 

22 

164 M 

63/8' 

3-330 

24 

3-350 

1' 

22 

16 

139 M 

6»/2' 

3 3/4' 

24 

3-3/4' 

1' 

34 

17 

161 M 

7-1/8* 

4-300* 

36 

4-300* 

M/8' 

44 

14 

140 AM 

71/2' 

4-1/2' 

24 

4-1/2' 

13/8' 

32 

14 

141 M 

7-1/2' 

41/2' 

36 

41/2' 

1-3/8' 

34 

14 

163 M 

71/2' 

41/2' 

36 

41/2' 

1* 

33 

14 

162 M 

7-99* 

51/8' 

36 

51/8' 

M/4' 

48 

11 

142 M 

8-3/4' 

5-1/2' 

36 

51/2' 

1*5/8' 

44 

10 

14 j M 

;o t/4' 

6-1/4' 

36 

61/4' 

1-3/4' 

34 

6 

144 M 

101/4' 

7* 

36 

mu 

1-3/4' 

40 

7 

102 M 

i r 

7-1/T 

36 


2' 

40 

3 

146M 

12* 

8*I/T 

36 


2 * 

40 

5 

104 M 

14* 

9* 

36 

EH 

2* 

59 

4 

IMAM 

14* 

10* 

48 

m 

2 * 

59 

4 
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Total rotor copper loss—457+264—721 W. 


Now, 


* rotor copper loss 

I *- m rat* d output 
Full load slip, s-0 0458. 

120X50 


or 


__ » 

l-« 


Synchronous speed 1 


LOO r.p.m. 


Rotor speed **(1 —0 0 58) X 1000M954 2 r.p.m. 

This is nearly equal to the specified speed. 


721 

“ 15000 


10 25. Design of wound rotor 

10'25'1, Number of rotor slots. The rotor winding for wound rotor motors are 
3 phase windings, and the number of rotor slots should be such that a balanced winding is 
obtained. Generally windings with an integral number of slots per pule per phase are used 
for the’rotor. Fractional slot windings may also be used It is preferable tou.es number 
of slots which are a multiple of phases and pair of poles in the case of fractional slot 
windings. 


10*25 2. Number of rotor turns. The rotor represents the secondary of a trans¬ 
former and the voltage between slip rings is maximum when the rotor is at rest. The re I ore, 
to keep the rotor voltage to an acceptable level the ratio of effective stator to rotor turns 
must be properly adjusted. The choice of this turns ratio is arbitrary and is controllable by 

the designer. 

The rotor voltage on open circuit between slip rings should not exceed 00 V for 
.mall machines where hand operated starters and switchgear are employed The voltage> 
limited to a small value in order to protect persons working the motor if the brush gear is 
not perfectly protected. Moreover with small rotor voltages, it is easier to insulate the rotor 

windings. 


In case of high voltage machines and also in the case of Urge machines, the rotor vol- 
taee should be high because in su:h cases if the rotor voltage Is kept small, the rotor current 
sjecom '1 large involving use of large conductor lections. Urge rotor currents complicate 
the design of slip rings, brush gear and starter contacts. For large sim machines, voltages 
•into 1000 —2000 V can be used and there seems to be no objection to rather higher voltages 
for very large motors where it is worthwhile to completely protect the brush gear. 

Let T t , JV-number of turns per phase for stator and rotor respectively, 

Km, JT.tr—winding factor for stator and rotor respectively. 

JJ,-* stator voltage per phase, 

K.airator voltare oer phase at standstill. 


Ef Km T, 
Now E, “ Km Tl 


Rotor turns per phase 




.(10 I ) 


In earn of small machines: v 

Ef should not exceed 500 V and 500/^3-290 V for delta and star eoanected 
machines respectively. 

By assuming a suitable value of voltage between slip rings, the rotor turns par pbp 
to be provided can be calculated from Eqn. 10*19. 

10*25*3. Aren of rotor conductor*. The Ml load rotor mmf is takao as if pat 
cent of stator mmf. 
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7.7V =0 85 ItT» or 7.-0 85 ~- 

where /.—rotor current per phase. 

The area of the rotor conductors is found out by assuming a suitable value for curr< nt 
density. In order to avoid excessive rotor cpper loss, the curr nt density in the rotor is 
chosen almost equal to that in the stator. 

Round conductors are used for small motors. But for large motors, it becomes need* 
sary to use bar conductors. 

10 25*4. Rotor windings. For small induction motors f slip ring type, it is a 
normal practice to use mujh win lings for rotor house 1 in s«mi*encloied slots. The coils are 
roughly formed outside the machine and dropped into the slots through slot opening one by 
one. It is usual to use several wires in parallel per turn, to keep the conductor small en u :h 
to go through the narrow alot opening. The r otor Jg..invariably, star c onnected ^and three 
lead s are brought through the shaf t to the JiP rings L_ 

For larger motors, a double layer bar type wave winding is used. This winding has 
generally two bars per slot. The bars are pushed through partially closed slo's and are bent 
to shape at the other end (See Fig. 6‘62 page 28')). In motors of outputs of about 750 kW 
and over, we have to use 4 bars sometimes. The use of 4 bars per slot is made to reduce the 
current handled by each slip ring. The winding with more than 2 bars per slot is called a 
barrel winding and is usually wave wound. 

Example 10* 13. A 3 phase induction motor has 54 stator slots%pilh 8 conductors ptr 
el 4 ani 72 rotor s'ots with 4 conductors per slot. Find the number of stator and rotor turns . 
Find ths voltage aeross the rotor slip rings when the rotor is open circuited and at rest ., Both 
stator and rotor are star connected ani a voltage of 400 V it applied aeross the stator terminals. 

Solatia*. 

54 X 8 72 X 4 

Stator turns per phase 2*i——g——72 Rotor turns per phase TV— —g——48. 

Stator voltage per phase J*—400/V 3—231 V. 

y*. 48 

Rotor voltage per phase at standstill JP.— E ,. -y——231X -^-—154 V. 

Rotor voltage between slip rings at standstill—^3 X 154—266*7 V. 

Rumple 10 14. A 90 kW, 590 V, 60 He, 3 phase, 8 pole induction mo'or has a star 
c inn id }4 slat »r win ling acc immolated in 03 slots with 6 conductors per slot. If the slip ring 
v Atiji on dp n circuit is to 6» about 400 V, find a suitable rotor winding, elating ; 

(a) number of slole (5) number of condustore ptr slot (o) coil span (i) slip ring voltage 
on open circuit (el approximate full load current per phase in rotor. Aesume efficiency—0 9 ; 
power factor—0 86. 

63 X 6 

Solatia* , Stator turns per phase 2»— —g—*=*63. 

500 

Stator voltage per phase M»— yj-—289 V. 

(*) The number of rotor slots should perferably be an integer. Taking 3 slot! par 
pole phase. 

s. Number ofrotor slots 3»*3XS X8*72. 

ftfttl |tar connection for rotor, rotor voltage at standstill IP.—400/^3 *»23l V. 
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Assuming K w ^K*t 

rotor turns per phase 7V« ~ TV*-^!- C3«504e*50. 

Aw &t by 

C y J!A 

Rotor conductors per slot*®— j~ et4. 

' Actual number of rotor conductors*®4 X 72"288. 

288 

Actual number of rotor turns per phase TV* —g- *48. 


(«) and (d) Actual rotor voltage per phase at standstill Er= -tt- x 289*22(1 V. 

03 

Voltage between slip rings*at standstill*V3 X220*381 V. 

Coil span *slots per pole*72/8 *9 slots. 

(.) Stator current per phase ^- ^xTOxtraxO-as" 134 ' 3 A 

Since power factor it 0*86, the rotor mmf may be taken as 0'86 of stator mmf. 

7.7V 

Rotor current per pi ase 7r*0'86 —~ *0'86 X-—-*151 6 A. 

10 26, Rotor teeth. The width of rotor slot should be such that the flux density in 
the rotor teeth does not exceed about 1 7 Wb/m*. The maximum flux density for r^tor teeth 
occurs at their root as their section is minimum there. 


Minimum width of rotor teeth 


Wir (min.)* 


_ 

17 X(Sr/p)XU 


...(1070) 


It should be checked that the value of minimum tooth width actually provided in the 
machine is higher than the value given by Eqn. 10*20. 

Minimum width of tooth actually provided 

IFif«rotor slot pitch at the root—rotor slot width" — - — WV ...(10*21) 


where d*r "depth of rotor slot and FV"width of rotor slot. 

10*27. Rotor core. The flux density in the rotor core is generally e ju«tl to stator 
core density. | 

' 0 . 

Depth of rotor core rftr" ' ^xBtrXH •• (10*221 

where 2Lr»flux density in the rotor core. 

Inside diameter of rotor lamination D«*2>f— 2(dir+d«r) ,..(10*23) 

The flux density in rotor teeth and core can be taken slightly higher than those in the 
stator teeth and core. This is because the iron losses in the rotor are very small owing to 
small value of frequency of rotor currents. 

10 28. Sixes of indnetion motor laminations available in the market. The 

two major firms supplying induction motor, fan and transformer laminations are: 

1. M/s Gurst Keen Williams Ltd. 

Precision Pressings Division 
Lai Bahadur Shastri Marg, Bhandup 
Bombay 400078. 
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2. M/s Devidayal Stainless Steel Industries Private Ltd. 

Electrical Stampings Division 
P.O. 6224, Darukhana, Reay Road. 

Bombay. 

The various sizes of single phase and three phase induction motor stampings manu¬ 
factured by Precision Pressings Division of M/s Guest Keen Williams are given in Table 10'4 
while those manufactured by Electrical Stampings Division of M/s Devidayal Stainless Steel 
Indus(iit s are given in Table I0‘5. 

The various slot sizes given in Fig. 10 30 and 0'31 are due to M/s Devidayal Stainless 
Steel Industries. 

Table 10-4 


A G. single phase and three phase induction motor laminations 
(Manufactured by M/s Guest Keen Williams) 


Sankey 

Type 

No. 

STATOR 


ROTOR 

Approximately 
pairs 
per kg 
i.0'5 mm) 

Outside 

Dia. 

Inside 

Dia 

Slots 

No. 

Outside 

Dh. 

Inside 

Dia 

Slots 

No. 

108 M 

3 74' 

2' 

30 

2' 

9/16' 

17 

47 

166 M 

41/4' 

2-1/2' 

24 

2 1/2' 

0-465' 

17 

43 

16SM. 

4 1/4' 

2-1/2' 

24 

2*1/2' 

0 465' 

32 

43 

D 492 

4*9/ 6' 

2*17/32' 

24 

2-17/32' 

7/16' 

23 

36 

D 922/R 

120 mm 

2-7/16' 

24 

27/16' 

5/8' 

17 

33 

138 M . 

5-7/16' 

31/2' | 

28 

3-1/2' 

3/4' 

20 

25 

D6SS 

6 ' 

3-3/8' 

24 

. 3 3/8' 

1' 

30 

18 

165 M 

6' 

3-3/4' 

24 

3-3/4' 

7/8' 

48 

22 

164 M 

6-3/8' 

3-350 

24 

3-350 

1' 

22 

16 

139 M 

61/2' 

3 3/4' 

24 

3-3/4' 

1' 

34 

17 

161* M 

7-1/8* 

4300* 

36 

4-300* 

11/8* 

44 

14 

140 AM 

7-i/r 

4-1/2' 

24 

4-1/2' 

1-3/8' 

32 

1 14 

141 M 

7-1/2' 

41/2' 

36 

4-1/2' 

1-3/8' 

34 

14 

163 M 

7 1/2' 

4 1/2* 

36 

41/2' 

1' 

33 

14 

162 M 

7-99* 

5-1/8' 

36 

5-1/8' 

M/4' 

48 

11 

142 M 

8-3/4' 

5-1/2* 

36 

51/2' 

1-5/8' 

44 

10 

14* M 

;o i/4' 

6-1/4' 

36 

61/4' 

1-3/4' 

34 

6 

144 M 

10-1/4- 


36 


1-3/4' 

40 

• 

7 


12' 


36 

1 

2' 

40 

9 

146M 

12* 


36 


2' 

40 

9 

104 M 

14' 

mm 

36 


2* 

93 

4 

103 AM 

14' 

1 

48 


2 * 

93 . 

..,'4 
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Total rotor copper Ioss—457+264—721 W. 

.. « rotor copper losi 

l - a rat'd output 
Full load slip, s—0 0458. 

Synchronous speid*"-^jr—- 


or 


—1 OOr.p.m. 


. t 721 
l-«“ 15000" 


Rotor speed ** (1 —0 0 58) X1000at 954 2 r.p.tn. 

This is nearly equal to the specified speed. 

10 25, Design of wound rotor 

10 251, Number of rotor slots. The rotor winding for wound rotor motors are 
3 phase windings, and the number of rotor slots should be such that a b danced winding is 
obtained. Generally windings with an integral number of slots per pole per phase are used 
for the‘rotor. Fractional slot windings may also be used It is preferable to u.e a number 
of slots which are a multiple of phases and pair of poles in the case of fractional slot 
windings. 


10‘25'2. Number of rotor turns. The rotor represents the secondary of a trans¬ 
former and the voltage between slip rings is maximum when the rotor is at rest. There tote, 
to keep the rotor voltage to an acceptable level the ratio of effective stator to rotor turns 
must be properly adjusted. The choice of this turns ratio is arbitrary and is controllable by 
the designer. 

The rotor voltage on open circuit between slip rings should not exceed 00 V for 
small machines where hand operated starters and switchgaar are employed. The voltage ja- 
limited to a small value in order to protect persona working the motor if the brush gear is 
not perfectly protected. More-over with small rotor voltages, it is easier to insulate the rotor 
windings. 


In case of high voltage machines and also in the case of large machines, the rotor vol¬ 
tage should be high because in su?h cases if the rotor voltage is kept small, the rotor current 
becoraM large involving use of Urge conductor sections Large rotor currents coaiplicate 
the design of slip rings, brush gear and starter contacts. For Urge site machines, voltages 
upto 1000 —2000 V can be used and there seems to be no otgection to rather higher voltages 
for very large motors where it is worthwhile to completely protect the brush gear. 

Let T», TV—number of turns per phase for stator and rotor respectively. 

Km, winding factor for stator and rotor respective)y> 

J£«a*stator voltage per phases 

—rotor voltage per phase at standstill. 


Now 


Er Kmr Tr 


Rotor turns per phase Tr* 


Km, 

Kmr 


Et 

2T* 


T, 


-(101 ) 


In case of small machines: 

Er should not exceed 500 V and 500/^3-290 V for delta and star connected 
machines respectively. 

By assuming a suitable value of voltage between slip rings, the rotor turns pm pirn* 
H be provided can be calculated from Kqn. 10*19. 

1025 3. Area of rotor conductor*. The Bill load rotor maf is tahm at 66 pm 
mat of stator mmf. 
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/,7'r»0 85 /,r. or Jr-0'85 —i- 

where /r— rotor current per phase. 

The area of the rotor conductors is found out by a*suming a suitable value for cum nt 
density. In order to avoid excessive rotor copper loss, the current density in the rotor is 
chosen almost equal to that in the stator. 

Round conductors are used for small motors. But for large motors, it becomes neces* 
■ary to use bar conductors. 

10 25'4. Rotor windings. For small induction motors f slip ring type, it is a 
normal practice to use muih win lings for rotor house ! in semi-enclosed slots. The coils are 
roughly formed outside the machine and dropped into the slots through slot opening one by 
one. It is usual to use several wires in parallel per turn, to keep the conductor small en u i h 
to go through the narrow slot opening. The rotor is j nvariahly.-star.- connected and three 
lea ds arc brought through the shaft to the slip rings. _ 

For larger motors, a double layer bar type wave winding is used. This winding has 
generally two bars per slot. The bars are pushed through partially closed slo's and are bent 
to shape at the other end (See Fig. 6'62 page 280). In motors of outputs of about 750 kW 
and over, we have to use 4 bars sometimes. The use of 4 bars per slot is made to reduce the 
current handled by each slip ring. The winding with more than 2 bars per slot is called a 
barrel winding and is usually wave wound. 

Example 10‘ 13. A 3 phase induction motor h'is 54 etator slolsfapith 8 conductors per 
el 4 and 72 rotor s’-ote with l conductors per slot. Find the number of Ttdtor and rotor turns. 
Find the voltage across the rotor elip ringe when the rotor is open circuited and at rest.. Both 
slttor and rotor are star connected and a voltage of 400 V is applied across the etator terminals. 

Solatia*. 

54 X 8 72 X 4 

Stator turns per phase Ti——g—■■72 Rotor turns per phase 2V— —g—*=*48. 

Stator voltage per phase J?t—400/V3—231 V. 

‘ Tr 48 

Rotor voltage per phase at standstill Er^E ,. -^-—231X -^-*■154 V. 

Rotor voltage between slip rings at standstill—V® * 154—266'7 V. 

Eaample 10 14. A 90 kW, 590 V, 50 Bt, 3-phase, 8 pole induction mo f or has a star 
ann solid slat «r win ling acammo latei in 63 slots with 6 conductors per slot. If the elip ring 
vtltiji on op n circuit is to bi about 400 7, find a suitable rotor winding, stating : 

(a) number of slots (6) number of conductors per slot (o) coil span (d) slip ring voUage 
on open circuit (e) approximate full load current per phase in rotor. Assume efficiency 0'B ; 
power factor —O’ 80. 

83 X 8 

Solution. Stator turns per phase 1P»— —g—**63. 

500 

Stator voltage per phase Jf*—-yg—289 V. 

(a) The number of rotor slots should perferably be an integer. Taking 3 slots par 
pole phase. 

Number of rotor slots Sr m 3 X 3 X 8**72. 

Using star connection for rotor, rotor voltage at standstill JTr—400/V3—231 V. 
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Table 10 3. 
Foil load slip 


Output 

Per ant slip 

0 75 

50 

3 70 

4-2 

750 

40 

18-50 

3-7 

37*00 

35 

7500 

32 

15000 

30 


Ex »mple 10' 10. A 11 kW, 8 phase, 6 pole, 60 Hz, 120 V, star connected induction 
motor hoc 54 stator slots, each containing 9 conductors. Calculate the values of bar and end 
ring currents The number of rotor bars is 64. The machine has an efficiency of 0 86 and a 
power f ictor of O'85 The rotor mmf may be assumed as 85 per cent of stator mmf. 

Also find the bar and the end ring sections if the current density is 6 A/mm*. 

Solution. Stator cur? ent per phase 

r 11X1000 . 

/ V3 X 220X 0*86 X 01<5 


Number of stator conductors ■■ 54x9*486. 
Stator turns/phase 486/6-»81. 


Stator mmf**3 7i2’»«*3X40X81 “9720 A. 

But rotor mmf ■*& /*/2*=32 h 

32 /»«8‘250 or current in rotor bars /»»258 A. 
Bth 64X258 


Rotor mmf*»0*85X 9720 - 8250 A. 


E><d ring current /#■ 


np *X6 
.’. -Area of each bar a»*"258/5*«51*6 mm 1 . 

and of each end ring o*»«883/5«176 , 6 mm*. 


883 A. 


Example 10*11. A 8 phase 2 pole, 50 Hz squirrel cage induction motor has a rotor dia¬ 
meter 0 20 m and core length O' I9>m. The peak density in the air gap is O'56 Wbj m*. The rotor 
has 93 bars, each of resistance 126pSl and a leakage inductance 2pH. The slip is 6%. 


Calculate (i) the peak oalne of current in each bar (ii) rotor f*B lota (isi) rotor output 
and (iv) torque eaertei. Neglect the resistance of end rings. 

Eolation. Synchronous speed »*<**2 x50/2*"50 r.p.s. 

Actual speed of rotor i»r»(l ~e) n»*«{l— 0’06)X 50—47 r.p.i. 

;; Peripheral speed of stator field*** X0’2x50—31'42 m/s 
Peripheral speed-of rotor—n X O'2 X 47 —29’53 m/s 
Relative speed of rotor bars with respect to stator field 
e-31*42-29 53-1 89 m/s. 

Maximum e.m.f. ill each bar—ie—0*55 X0*12 X1'89—0‘ 125 V* 
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Slip frequency•=«/— 0 06 x 50—3 Ha 
Reactance of each bar— 2xX3x2—37‘7 pO 

Impedance of each bar= i, l25) , +(37 7)*=» 130'6 pQ. 

r ]25 

Maximum current in each bar— Yjfo 6x 10"* * A - 

R.m.s- value of current in each bar /6= s *957 1/v / 2=676’8 A. 

Rotor I loss=Sr h*n =*33 X{676 8)» X 125 x 10-"=* 1890 W 

Output—(rotor PR loss)X ^^--1890 =29 61 kW. 


Torque** 


29 61 X10* 
2isX47 


100 3 Nm. 


Example 1012. A 15 kW, 3 phase, 6 pole, SO Hz squirrel cage Induction motor hat 
Ike following data: 

Stator bore diameter =»0'82 m ; axial length of stator core <=0'125 mnumber of stator 
slots <—54. number of conductors per stator slot =*24 ; current in each stator conductor ■■I/* S A ; 
full load power factor-—O'85 lagging. 

Design a suitable cage rotor giving number of rotor sleds, section af each bar and se c t ion 
of each ring. The full load speed is to be about 950 r p.m. approximately. Use copper for the 
rotor bars and end rings. Res stivUy of copper is 0'02 Cl/m and mm 1 . 


Solution. The number of rotor slots it assumed a pair of poles greater than the 
number of stator .‘lots. 

Number of rotor slots Sr=Si +-p/2—54*f 6/2—57. 

Stator turns per phase 2#—54X24/6—216. 

Since the full load power factor is 0'85, the rotor mmf may be taken 85% of atatur 

ramf 


Rotor bar current /*« 


085X6 1,T» 0 85X6X17-5X216 


Sr 


57 


-340 A. 


Taking a current density of 7 A/mm\ area of each bar a»—340/7—49 mm 1 . 

Allowing 45 mm for projection of bar beyond core and skewing, length of each bar 
/»»0i25+0 045-0-17 m. 

Copper loss in bars-flr X (/»)* 57 X =,457 w. 

Current in each end ring /«— — ^ —1030 A. 

® up nx 6 

Taking a current density of 7 A/mm 1 for end rings, 

Area of end ring o«—1030/7—147 mm 1 . 

Taking the ring section as 15 mm deep and 10 mm thick. 
v Area of end ring o»—15 X10—150 mm*. 

We take the outer diameter of end ring to be equal to stator bore diameter. ( Actually 
the ring miter diameter is a little smaller than the stator bore diameter). 

hlean diameter of ring—0'32—0’015—0 "305 m. 

Copper ion in nd rings— 2X(/«)* 2 X (1030)* X —264 W. 
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Table 10 5 

M mufactured by M/s Dcvidnysl Stainless Steel 


DIMENSIONS SLOTS 


Type No 

Stator 

outer 

diameter 

Stator Inner 
diamet-r 
*■Rotor 
outer dia¬ 
meter 

Rator 

Inner 

diameter 

Stator 

1 

*ir 

Specifications 
See Fig 10 2i 

Number of 
tlots 

1 Speci¬ 

fications 

fJ??0 30 

Number of 
slots 

30 h 20 

3 3/4' 

V 

9/16' 

S—-12 

30 

■RHI 

17 

30E26 

5 7/16' 

3 1/2' 

3/-' 

S-6 

28 


20 

30 F 57 

6' 

3 3/4' 

7/r 

S -16 

24 


48 

30E5 

6 1/2' 

3-3/8' 

1 1/2' 

S-4 

18 


22 

30 E 39 

6 1/2' 

3 3/8' 

1-1/2' 

S—4 

18 

1 

22 

30E40 

6-1/2' 

3 3/4' 

l' 

S—15 

36 


34 

30 E 27 

6 1/2' 

3 3/4' 

1' 

S—9 

24 


34 

30 B 47 

7-1/8' 

4 3(1' 

1 1/8' 

S —14 

36 


44 

30 E 53 

7 1/8' 

4 30' 

1 1/8' 

S—14 

36 

| 

48 

30 B 1 

7 1/2' 

4 1/2' 

13/1' 

S-l 

24 

R—1 

32 

30 E '7 

7 1/2' 

4 1/2' 

13/8' 

S-10 

36 

R-l 

34 

30 E 34 

7 1/2' 

41/2' 

1 3/8' 

S—11 

36 

R—1 

| 

30 B 2 

8-3/4' 

5-1/2' 

15/8' 

S—2 

36 

R-l 

44 

SOB 50 

8 3/4' 

5 1/2' 

15/8' 

S—13 

36 

R-9 

33 

SOD 21 

10 1/4' 

6 1/4' 

1 3/4' 

S—5 

36 

R—4 

34 

30 D 43 

10-1/4' 


1 3/4' 

S—5 

36 

R—4 

40 

30C45 

12' 


2' 

S—17 

36 

R—4 

40 

30 C 58 

12' 

HH 

2' 

S—17 

36 

R—4 

44 


O ERATING CHARACTERISTICS 

10 28. No load current. The no load current 7* of an induction motor is made up 
of two components : 

(*) Magnetizing current In, and (it) Lots component of current It 

The magnetising current is 90° out of phase with the voltage white the loss component 
is in pha'e with the voltage. 

10 28 1. Magnetising current The hiagnctic circuit of a four pole induction 
motor is shown ip Fig. 10 32. The flu* produced by stator mmf turns passes through the 
following parts: 

(i) air gap* <»») rotor teeth, (Mi) rotor core, «w) stator teeth and (•) stator core. 
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Fif, 10*32. Magnetic circuit of a 4 pole induction motor. 

The'calculation of magni tiling current of an induction motor follows the tame ge 

procedure as the calculation of magnetizing current of a d.c machine. The main dilwi_ 

is that whereas in a d.c machine the flu* >* asmmed to be uniform over anv cr oi sectio n 
and the same mWTiwanTSatl^^^^ is distributed aDDfoxi^iteTf 

' si nttsaldalTy Tnd Ifie'miiffV^ ". '. mnaamm 

If the permeability of iron were conriant this would cause no difficulty, and the value 
of m ipoetizing current v >uld be obtained accurately by considering the mean mmf end the 
flux tube where this mean occurs. For sinusoidal distribution the mean is 3/^*0 637 X 
maximum and occurs at 40° from the interpolar axis. 

Owing to variations in the 

teeth i _ 

Fig 4’62 page 178. If the value of for the mean mmf, and alinu- 

soidal distribution of flux is assumed, the total flux obtained will be larger than true vetue ; or 
conversely the calculated magnetizing current for a given sinusoidal flux will be smaller 
than the true value. 


; permeability of iron, PJ.rticuUrJy,ihs „UaiaLgnd rotor 

’.SIcum^^KiaJa' 


If maximum values are taken instead the opposite result is obtained, i.e. flux is too 
small, or magnetizing current is too large. 

Some intermediate position therefor will give a correct value. Though this position 
may differ some what in different motors, a flux tube crossing the air gap at 60* worn the 
interpolar axis will always give a good approximation. 

The reason for this is that the flux density distribution curve can be approximated 
too closely by a sine-wave with a third harmonic (See Art. 4*18 2 page 177). Hie value of flam 
density at 60° from the interpolar avis is the same whether the third harmonic is present or 
not. Thus the calculation of magnetizing mmf should be based upon the value of flux 
density at 60° from the interpolar axis as far ai the gap and teeth are concerned. 

«) Mmf for air gap. From Eqn. 4120, 2*«o—1*36 Jn 
Mmf for air gap AT#—803,000 B$ M U 

(ii) Mmf for stator teeth. The flux density is uniform in the teeth whan they 
are parallel sided but when parallel sided slots are used, the flux density along the length of 
teeth is not uniform. The calculation of mmf for tapered teeth is explained in Art. 4 4*3 
page 131. The value of mmf for teeth is found out by finding flux density at a section 1/3, 
height of tooth from narrow end. 

Flux density at 1/3 height of tooth from narrow end 

a -' , “ WpixLoi tr.,/. 


where 


JFui/,—width of stator at § height from narrow end 
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Magnetizing current 

, _ 0’427 p AT m 0*427 X 6 X 453 
K*,T, “ 0 958X96 


12*7 A. 


10 29. Short circuit (blocked rotor) current. In order to find the value of short 
circuit (blocked rotor) current, the value* of resistance and leakage reactance of the windings 
have to be evaluated. ** 


10 29 1. Stator resistance. The stator resistance per phase 

r»**p T, Lm>% /a$ 

where Zi»i« “length of mean turn of stator, m ; 

and a«">area of stator conductor, inm*. 

The value of resistivity for copper is 0*021 Q/m and mm* at 75 B C. 

10'29*2. Rotor resistance. 


Wound Rotor. . The resistance of a wound rotor m ic'iine is found in a similar 
manner. 


Rotor resistance per phase rr—p 


Tt Utr 

a ■ 


( K *p \ i 

jfltg* ~) fr * 

Gage rotor 


Let 

p—>resistivity of material of bars and rings, Q/m and mm* ; 

£»-*length of each bar, m ; o*-»area of each bar, mm* ; 

£)»*=• mean diameter of each ring, m ; and o«=area of each ring, mm*. 

Resistance of each bar r*— Total copper loss in birs =»Sr /»* p —• 

at at 


Resistance of each end ring r#*»p 


eft 

at 


Copper loss in two end rings*-2 /#■ 

Total copper loss in rotor 

_ Lt n It* Sr* D t 
+ T » + — 


■'"Hsrir+i yr] 


Hence total rotor resistance 




•(1031) 


(l n *32) 


The rotor resistance must be referred to stator in ordei to find out tots’ r^i.uiaoe of 
n >tor as viewed from stator. 



three phase induction motors 


Lot 

m, «f» number of phases of stator and rotor respectively; 
Ti, I’r'-numher of turns of ita or and rotor respectively; 
Km, winding factor for stat r »nd rotor respectively. 

Total resistance of rotor referred to stator 

{ m»T t Km at ( _ L* 

'\m7TrKm) X * 8r 


.o.*+T 


jl.v 

p* a, ) 


...(10 33) 


T.ie number of phases in a squiird cage winding ii equal to number of bars per 
pole or t/ir^Stfp. 

1’he number of turns in series per phase for rctor is equal to the number i i polu 
pdrs or 7V»»p/2 and rotor winding factor ff«r*l. 

Substituting the values for mr, Tr and Km in Eqn. 10 33. 

Total resistance of cage rotor referred to stator 

"•r./r.. T Sll r 

J L or a» r n 


— --D 

“[ (S./P)X(W«X I 
Resistance of cage rotor, referred to stator, per phase 


A _1 

P*o. J 


(10 34) 


..(10*35) 


When the radial width of end ring is large, as often is in small induction motors, the 
end ring resistance must be multiplied by a constant to tale into account the effect of 
non-uniform current distribution in the end ring. TUs factor is Kn*, and is taken from 
Fig. 10*33, 



Eqn. 10*37 can be derived in another manner also. 


distribution of eurrent la 
end slap. 

When* there are m phases in stator with a winding factor Km and T, turns in wri.. 
per phase and a corresponding aw phase rotor with a winding factor A* and T,t.,rn.«!I 
phase, the rotor current per phase is 1 B 0 1 turn * 


Km J** r l 


.(10*38) 




flUcrticAt HACHiNa of slot 


6 36 


or etator turns per phase, T»•*-- **] f 

n w /« 

0427x8x500 
" 0*95Xb2b "* 288 ‘ 

luaplt 10 11, A 15 kW, 400 V, 3 phut, 50 Ht, $ pah indue'ion mate* hat a 
dmmoter of 0 t m and IAc length of core 0 12 m The number of stator slots » s 73 mAh 40 
conductor# par slot. Th' st itor n ddta connected Calculate the value of magnetising cwre*i 
per phase f the length of air gtp it 0 55 m The gap contraction factor is I’d Atsum ■ t fct 
•nmf required for the iron parts to be 35 per cent of the air gap mmf. Cod sp <»*■ 11 atoii. 

Mitk*. Slot* per pole per phase g*72/(3 x 6 )« 4. 

Distribution factor Kgm .. *0‘958. 

4 sin 60/(2 X 4) 

Slots per pole*72/6*12 and coil span* 11 slots. 

Therefore, ths win ling is chorded by 1 slot pitch. 

.Y Angle of chording 180—15°. 

Pitch factor JT*™cos a/2—0'99.4. 

Stator winJing factor JTw««-0'958 x 0 991 9.V 

Totalatajoi conductors*72x20—1440. 

Stator turns per phase T,*1440/(3 X 2) *240. 

Stator voltage per phase #**400 V. (The machine is delta connected) 


A Flux per pole ♦»*■ 

Area per pole *• 

Average air gap density 


_400_ 

4 44X50X240X095 

nDL nXOSxOl? 
P " 6 

» 7> X10 

18 85X10"* 


«/ 9xl0-» Wb. 
*18 85 m*. 
0*418 Wb/m\ 


Gap Sux density at 30* from pole axis 

^*1*36 #**1 -36 x 0 418-0 57 Wb/m*. 

Mmf required for air gap*800,000 X 0*57 X 1 2 X 0 55 X 10"**301 A. 

Mmf for iron parts*0'35 x 301*I05 A. .*. Total mmf Alta*301+105*406 A. 

Magnetising current per phase /»* 


0-427 x 6 x 406 
“ 095X240 


*4-56 A. 


Isauplo 10-17. The magnetic circuit of a 440 V, 0 pole , 3 phase, star connect d, 
0 He, indu ct i on motor has the following particulars : 

Core length 0*16 m ; stator tooth length 30 mm ; tooth width at 1/3 height from narrow 
ami f mm ; rotor tooth length 15 mm; rotor tooth width at 1/St height from narrow cfcd 105 mm; 
etator bare diameter 0*4 m ; effective air gap length 0 9 mm ; etator and rotor core depth 0 g 
mm ; mean 0T length# of magnetic circuit per pole pa>>, in core ; etator 014 m, rotor 010 M . 
The etator hoe ft elate with 5 e ou du ot oro per clot. The rater hoe df date. The otaokmg 
/actor ic 0 0. Botimat*. the magnetising torrent using the following ma g ne ti sa ti on euree. 



nitre nun induction motois 


6S7 


i> 

if > 


M. 02/M> 

1 05 

07 

10 

- 

n 

f 

14 

to 

at, Aim 

95 

1 

no 

| 200 

1 

300 

too 

2300 


Itltdet. Stator slots per pole phase y— 72/(3 x 6 )—4. 
Distribution factor JTs— 4 “ 4 ) — 1 0 95H. 


lining full pitch win ling, JT,— 1. Stator winding factor A——0*958. 

Statr<r conductors*=0X 72*576. Stator turns per phase !P»—576/(3X2)*9®. 

Stator voltage pe' phase —440/V3—254 V. 

254 

Flu* per pole ®-“ , 4 .x50x*.xoy58 ” ,2 ' 4X l0 "* Wb ' 

Area per pole-n-OX/p-aXO^xOMS/fi-SI^X 10'* m* 


Average flux density per pole B«»—I2*4X 10“*/(3I 4X 10 - *)—0*395 Wb/m*. 
Bh* in air gap-1’36XO'395-O 537 Wb/m*. 

Mmf f>r air gap-800,000 xO 537X0*9X lO^-SSr A. 

Net iron length Zs— KtL**0 9X0*15—0*135 m. 

Flux density in stator teeth at 1/3 height 

» 17 4 XI O *__r*i uikio.1 

**»'•“ SilpxLiX Wulit “ (*2/6> xd : 135X 7x16=^ 1 Wb/m * 
Bu„—1'36X 11 —1'5 Wb/m*. 


Corresponding to this flux density, ntmf per metre ali»—1C00 A. 

Mmf required for stator te th—I000 X 30 X 10'*—30 A, 
Flux density in rotor teeth at 1/3 height 


(49/fl^xc 135X .0*5X 1<T» “ 1 07 WWbA 
B^.-A^Xffa-i *46 Wb/m*. 

Corresponding to this flux density, mmf per metre afcr >700 A. 

Mmf required for rotor teethw»700X 15X10”*—11 A. 

Flux in tutor core—12*4XlO - **^—6*2 X10“* Wb* 

Area of stator core—do x£<—65 X 10“* X0*135—8*77 X KT* mfl. 

' / 

C O y I A"$ 

.*, Flux density in statpt core— g-Jy x jg3i "*0*707 Wb/m?. 


Hie same flux density is obtained in rotor core as the flux and the area are the 


Corresponding to this flux density/meaf per metre —120 A. 
Length of flux path, in stator com, per pole—025/2—0*125 as 
Length of flux path, in rotor core, per pok-0*lfl/2—0*08 m. 
Mmf for stator and rotor cores—120(0'J2S+O*0flye» 20 A. 
Total mmf for B* 
sir*—>27+30+! 14-25—453 A, 
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The calculation of mmf for stator teeth is based,upon Bun 
where I '36 5<»i/, 

The mmf per metre oli« for stator teeth is found from Fig 4*2. page 120 
M nf required fir stator teeth ATu^cUt* X >l„. 

(u ) Mmf for rotor teeth. Flux density in ro r teeth at l/i height from 
narrow • nil 


j - aL ti' x(£>r—4d*r/3) m 
and with ^—“ —fVtr 


Sr 


Wtr"*width of rotor slot. 


I*fr/P)XL|X IFff,,, 

where in -depth of rotor slot. and 

Now Bir *#«■* 1 '36 Btnit 

1 he mmf per metre, atir , for rotor teeth is found from Fig. 4 2 corresp mding 

Ar # s 

Minf required for rotor teeth ATtr***at»rXdtr. 

(to) Mmf for stator core, G irresponding to flux density in the core, the mmf 
per metre otu is found from Fig. 4 2. The length of path through the core can be 
taken as 1/3 pole pitch at the mean core diameter. 

» . » .i , i w(Z)4*2d«»+d«) 

Length of path through stator core L#*- 


3p 


...(10*24) 


Mmf for stator core«-okrXlf,. 


(*) Mast for rotor core. Corresponding ti flux density in rotor core mmf per 
nrrro ttler is f»un 1 from Fig. 4‘2. Length of flux path in rotor core 


Itr ** 


n(Dr •~-2dtr- J dtr) 
_ 


...(1025) 


.*. Total mmf for rotor core AT* » —ater x hr 
Total magnetizing mmf per pole for B t$ 

ATn—ATt+Aru+ATir + ATf+ATer ...(10 26 

From Eqn. 4*121, 

Magnetizing current per phase /»—- . ...(10*27) 

Awe 1 1 

10 28 2. Loss component. The calculation of loss component of no load current 
involves the determination of no load loss. 


(s) Iron loss. The iron loss in induction motors consists of hysteresis and eddy 
current loss in teeth and cores, surface loss in teeth due to variation of air gap density, 
tooth pulsation loss due to variation of teeth density, loss due to non‘uniform flux distribution 
and loss in end plates. 

i 

The iron loss in stator teeth and core is found out by calculating their respective 
weights The loss per kg corresponding to the flux densities can be taken from Fig. 4.27 
and Fig. 4*28. 

The (requency of flux reversals in the rotor is slip times the line frequency. In the 
case of cage motors, the value of slip is small and, therefore, the iron loss in the rotor is 
negligible. Wound rotor motors may operate at reduced speed by insertion of resistance 
in the rotor circuit. Therefore, rotor iron loss must be included while calculating the 
operating characteristics of a wound rotor machine. 

(ti) Friction and windage lose. Table 10*6 gives the approximate values of 
friction and windage losses expressed In terms of output. 



mu Be phasb induction motors 
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Table 40 6. Friction and windage loan 


Output 

kW 

Fond Whit 
Percent of output 

0-75 

55 

370 

3 5 

7 50 

27 

370) 

»’5 

7500 

1*2 

ISO 00 

10 


...(10-28) 


Loss component of no load current per phase 
total no load loss 
,sa 3 X voltage per phase 

No load current I» (per phase)* V7«*+/i*. 

Th* approximate valu *s of no load current expreise 1 as percentage of full load 
current are given in Table 10 7. 

Table 10 7. No load current 


Output 

kW 

No load current 

Percent of full had current 

075 

50 

3 0 

40 

15<0 

33 

3700 

30 

75 and above 

27 


The no load power factor, cos to ...(10'29) 
and tfo-cos- 1 hjlo ...(10 30) 

Example 10’15. A 76 kW, 3300 V, 60 Hz, 8 pol*, 3 phase star connected induction 
motor hat a magnetizing current which is 36 percent of (he full load current. Calculate the 
value of stator turns per phase if the mmf required for flux density at 30° from pole axis it 

600 A. 

Assume winding factor **0 96, and full load efficiency and power factor 0‘94 and 0’8B 
respectively. 

75 X1000 

Solution. Full load current • y 3 xSQuOX0 04X0-80 ® A * 

*. Magnetizing current /«“*0*35 X 17'9“6*26 A. 

From Eqn. 10’27, magnetizing current ° 
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where 

Jr'—current in stator m« phases electrically equivalent to the rotor current in 
Wr phasrs. 

But mr—Sr/p, Tr~p(2, and 1 as staled earlier. 

Prom Eqn. f 0*38 current in ea> h bar is 

Sli Km Tt T , 2 wt# Km* T» 


/»- 


1/ 


(Sr/p)X IX p/2) " ~ Sr 

Total loss in rotor cage 

»p It* Sr* ( f — ~~ ) 
\ Sr at n p* a, J 

The equivalent loss i. stator—m, JV r / 


-// 



Pi|. 10*34. Phasor diagrams of induction motors. 

Rotor resistance per phase referred to stator 

P It* 8r* { Lt . 2 D, \ 
mPr \ Sr at n p* a# / 

2mrKmTr IS \« p SJ f Lt 


ft 


..(10 39) 


I fjn 10*31) 


( 2 a* Km T, U \* pS,*( Lt . 2 J?, \ 

\ Sr J mti£ r \ Sra> + n p* a, } 

- ; - ww '[^r4 Fir] 


Fig 10*34 (e) shows the phasor diagram of an induction motor (for currents only). 
If are neglect the rotor leakage reactance and the loss compoi.ent of no load current, the 
phasor diagram is simplified as shown in Fig.-10*34 (6). 

From Pig 10*34 (3), stator current equivalent to rotor current is 
//«/• cos f ...(10*40) 

/•—stator current and cos ^—stator power factor. 


16*11. OoImlmU the eguieaient ree/ahmee of rotor per ptoes referred Is 
tutor, fron »fii foltom’mj 4<Ua of a 490 V, 3 pkin, 4 pole, IfiJJs sops ».**•*-. 
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Stator slots-44 rnth 80 conductors per slot l Motor slots-68 with one bar in each dot. 
The length of each rotor bar i» 012 m and area 60 mat. The end rings ham a mean diameter 
of 018 m and an area of cross-section ISO mm 9 , 

Tull pitch winding with 60* phase spread is mod for the stator. 

The material need for bars and end rings has a resistivity of 0 021 U/m and mm 9 . 

Solution, 

Resistance df each bar—0*021 X —42 X iOT 9 0. 

Lou in 53 ban -53 X/*«X42X10 -4 -2226X 10'« /*» W. 


Resistance of each ring-0 021 *—-0 021 X 1 1 -792 X 10~« Q. 

tt» IDU 

—2820 X10”* /•* W. 

.*. Total rotor PR loss-(2820 +2226)X10* 4 J,«-5046x 10 " 4 U 9 . 


Loss in two end rings—2 X 79‘2 X 10** 4 ' /«•—2 x79*2 X 10^*X ^ 


Stator slots/pole/phaae y«—48/(4 X 3)—4. 

Stator distribution factor Ks** "4 6b/[2 ~ x4) ~ 

As full pitch coils are used, K,**l. .*. Stator winding factor JTm—0*958. 

Stator turns per phase T«—48 x 30/(2 x 3)—240. 

Now neglecting magnetizing current and the rotor leakage reactance, stator mmf is 
equal to rotor mmf (the power factor is assumed as unity which is strictly not correct) 

or 


or current in each bar 


/•—6 


Tt Km r 

sr- 1 - 


6X846X0938, M „ 

——- it— 26 1 ,. 


Rotor PR loss expressed in terms of stator current 
-5046 X 10“ 4 X (26/^8*42 l. 9 
and loss per phase — (S^/S)/!* 4 —1*14 IA 

.*. Rotor resistance referred to stator r* — 1 '14 Iffl/sm 1'14 &. 


Example 1619. A 6 pole, 8 phase squirrel sage i n du c ti on motor hoe T2 stator slots 
with 18 conductors in each slot. There are 86 rotor slats. The soil span is 11 slots and the 
phase spread is Of, 

Determine the current in rotor bars and in end rings if the stator ewrrepi is 241A and 
the power fiwtor is 0 88. 

Motion. 

Stator slots/pcie/phase—72/(3 X 6 )—4. 

Distribution factor for 4 slots/pole/phase and 60* phase spread is 0*958 as calculated in 
the previous example 

The number of slots per pole is 72/6—12 and the coil span is 11 slots. Therefore, the 
coil ate chorded by one slot pitch. 

Angle of chording a—1/12 X100—7*5". 

** *<** «*»<* 7*41 ~om 

Winding bosar«4>^53X6*9»e-61156. 


m 
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Stator current equivalent to rotor current 

//—/* cob ^ (See Eqn. 10*40) 
*■24*1 X0*83-20A. 


Stator turni per phase IT*—72 X 15/(3 X2)**l80. 
From Eqn. 10*39, current in each rotor bar 

, 2 m,Kmt Tf r , 2 X 3 X0*956X180 

- U -M - 


X 20-375*4A. 


Current in each end ring -1095 3A. 

up irxo 

Example 16*26, Oaleulate the equivalent resistance of rotor per phase in tome of 
oMor, mrrent in each bar and end ring and total rotor PS toes for the following : 

4 pele 3 phase, 60 Be, 400 V sage motor has 48 slots in stator with 35 conductors per 
slot took conductor carries ajcurrenl of 10A. The rotor has 67 slots, each slot has a bar of 
6 */i m length and 60 mm 1 area. The mi an diameter of each ring is 0 2 m and area is 176 mow. 
Besistmtg is 0 02Sl/m and mm* and the power factor is 0*6. The stator winding uses full 
p itched coils with a phase spread of 60°. 

Solution, 

The winding factor for an infinitely distributed winding with a phase spread of 60° is 

0 955. 

Equivalent stator current //— /»cos d m 10X0*8—8A. 
tator turns per phase T»—48x35/6—280. 

l l 9 2m$Rw$T,„ r , 2 x 3 x 0*955 x 280 wO _„„ C a 

v ur ent in each bar /*—-— Xir —- ^ • V X8—226A. 


Current in each ring /#— 


Sr Is 57X226 


-1024A. 


itp nX 4 

Resistance of each bar r» ■ 0*02 X 0*12/50—48 X 10“* Q. 
PS loss in ban—57 X (226)* X 48x10" 1 —140 W. 


Resistance of each ring—0*02 Xu X0 2/175—72X10* 4 O 
PS loss in 2 rings—2(1024)* X 72 X10"*—151 W. 

Total rotor 1*A loes-140+I51-291W. 

Total resistance re fe rred to stator per phase 
total rotor J*Bloss 298 
rr ----sxtaF " 1 

The resistance can be directly calculated by applying Eqn. 10*35 

-4X3X(jat>W9H)«x<Htt [-jyjlj- +|-X is ^Jj]-I M ft. 


1611*3. L eakage r eue tau oe. The calculation of leakage leactance has been ms- 
plained in Art. 415 page 171. 

Using Eqn. 4*95 t stator slot leakage reactance 

«m— 8 n fT*L (Wf*) ...(UNI) 

Where Xu—specific slot perwesnco fer stator and fs^titor titHfpahf&m. 
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(it) Rotor specific slots permeance referred to stator 

*--(10*42) 

where Air—specific slot permeance for rotor. 

Rotor slot leakage reactance referred to stator 

a*/—8 it / flV L (V/pg.) ...(10*43) 

(iii) Using Eqn. 4*96, overhang leakage reactance 

*.«8 it fTt* I* (Ai/pgi) ...(10*44) 

where ZoA#**#**(See Art. 4*14 page 170) 

It J fu 

The value of J£»is taken from Fig. 4*58 page 170. 

The specific permeance for overhang leakage may be calculated from 

••• l,0-4S> 

The constant K has the following values. 

(») Concentric wound stator : 

slip ring rotor R**0*35xl0”*; cage rotor if—0*27X 10~*. 

(it) Barrel wound stator: 

slip ring rotor JT**0 55 X10~®; cage rotor 2T***0 37 X10"'. 

(Hi) Zigzag leakage reactance : *«*■» *+* ‘g?’) —(10*46) 

where magnetising reactance ■•.£*//». 

(iv) Harmonic or differential leakage reactance : 9 h»Xm{Kk»+Khr) ...(10*47) 

where Km and Khr are constants (for stator and rotor respectively) and are taken from 
Fig. 10*35. 


KlO 




Ffc.HTM. Stator end rotor slot d tawn ateas 
latmuatb Mra. All dbncoskms in ran. 
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Harmonic leakage reactance j« negligible in squirrel cage induction motors. 


Total leakage reactance of the machine referred to stator 

Xi^xit+gtr+r 9 +x»+n ...(10*48) 

Total impedance of motor at standstill Z$"*y/ jB» , +X*‘ ...(10*48) 

Short circuit (blocked rotor) current per phase Ii*""BmJZi ...(10*80) 

Short circuit (blocked rotor) pow r factor cos 4«*"£*/£* ...(10*81) 

Phase angle of short circuit (blocked rotor) current 4««*cos“ l B$jZi ...(10 5 ) 


Example 10*21. Find tht leakage reactance of a 7 5 kW, 400V, 3 phase, 6Q Hz, 4 
pole cage type iniuetion motor The stator bore it 0 18 m and the core length it 9 18 m. Tht 
stator hat 38 slots an l the rotor 31 slots The details of the slots art shown in Fig. 10 88. 
The length of air gap it 0 6 mm and th*- number of stator turns is 278. The length of oust hang 
on one side Is 0 26 m. Th$ stator winding factor may be assumed as 0 866. Tht stator 
winiing is mush type for which the overhang leakage permeance is given by 


Ao“Mo* 


0 37x10'* L 0 


2y/2 y u 

where I^hngth of overhang on one side and yu^ stator slot pitch. 


SolQtio i. Stator slots p?r pole per phase g,—36/(3 X 4)—3. 

Stator slot specific permeance A„«p 0 [ 3 ^ +^"+ 

r 23 2 2X2 

Lsx& 5 + 9'5 + 9’5+a ' 



Rotor dot specific permeance (See Eqn. 4*74 page 161) 

A,r-Mo [0 66+&/Jr 0 ]= 5 [0‘66+lJ- 
Rotor slot specific permeance referred to stator 

8, t / 0^955\* 




X -^r Air* 8 - 


(21 


1'16 Ms- 


36 


1 ) 31 


Xsf-X 1*128 Me"*l't7 Me. 


Stator slot pitch y«i<»ux0*18x 10 # /36*"15*7 mm. 

Width of stator tooth Ww* 15*7—3«*12‘7 mm. 

Rotor slot pitch y«r"»*X0‘l8Xl0'/31 aa, 18‘l mm. 

Width of rotor tooth IFsr—18*1— 2*»16T mm. 

From Eqn. 4*92 (page 170), specific permeance due to zigzag leakage 

X v ^ Wh *•'(****+&*'*) 

12 1$ yu • y$r 


-Ms* 


12*7 X 16*1(12*7*+16*1*) _ 

12X0*6X15*7^X18*1 * ** 


The specific permeance due to slot and zigzag leakage 
-M* (1*83+1*17+2* j8)«*5'68 m* 

Leakage reactance due to slot and zigzag leakage 
a+n»8 nf 3V L hfpgt 

- 8 * X 50 X (276)* X O' 18 X 5*68 x4* X1 <TV(4 X3)m7 4 0. 


Specific permeance due tojoverhang leakage 

° - -2 08X1T 4 

zySf^B^XlT 1 * . 



mUHl #0*18 INDUCTION MOTORS 


04ft 


Leakage reactance due to overhang leakage x #—8 **/ T, % L^dpq, 

—8* X 50 X(278)* X0 25 X 2 08 X ltr T /(4 x 3)-4 2U, 

Total leakage reactance—*«+x a +So—7*4+4 2 — 1 T 6 U. 

* 

Example 10‘22 A 75 kW, 3000 V, 8pole, oO Hz 3 phase, star connected slip ring 
induction motor has the following data : 

Stator bore~0 08 m ; italor tote length** 0 30 m , number of stator slots**96 , number of 
rotor slots **72 ; number of stator turns per phase 86 , total specific permeance due to stator 
slots** 4 9 its’, no load current per phases 0 1 A , no load power factor »0 095 , harmonic leakage 
reactance per phase — 0‘9Q. 

Estimate the total standstill leakage reactance of motor referred to stator The winding 
employs full pitch coils 

Solution Stator slots per pole per phase q»—96/{ 1 x 8)-*4. 

Rotor slots per pole per phase gr—72/(3 X 8 )—3* 

4 y 4fi y I n~i 

Slot leakage reactance x.- 8 * X 50 X ( 86)* x 0'5 x ■ — -9 9Q. 


No load power factor cot ^*—0*0 5 *m ^>—0*995 

Magnetizing cur ent /»—/• sin ^*—6 3X0*995—6*27 A. 
Stator voltage per phase JP»—300 (y/ 3—1732V 
Magnetizing reactance J^//*— 1732/6 27—276 2Q« 


From Eqn. 10'4G, zigzag leakage reactance 


5 Xm 

6 rru* 




276 2 


(■ w ) 


-4 <Q. 


Foie pitch t—xX 0*66/8—0*26 m. Stator slot pitch —n X0 6^/96—0 0216 m 
From Eqn. 4*94, overhang permeance 


Ls ho**Ms Us 0*987 Ms 

U o * ny u «X00216 U 


Overhang leakage reactance— 8 * X 50 X (286)* X . P 8 ^ “"" 0Q. 

Total leakage reactance—m+m+Xa+M—9*9+4'4+4'0+0‘9 —19 $ 0 . 

S#'36. QMt disgrstt, It is possible to obtain graphically a considerable range 
of ftiforettafion from Circle diagram. The construction gives estimate of full load current 
and power factor, maximum power output, pull out torque and the full load efficiency and 
Elp. The circle diagram is constructed from the folio /ring de»ign data : • 

1m -magnetizing current phase, 

/j—loss component of no load current per phase, 

X, —total standstill leakage reactance per phase referred to stator, 

&—total resistance per phase referred to stator, 

JBt—total short circuit impedance per phase referred to stator, 

J,-stator voltage per phase. 

Tin procedure for drawing the circle diagram is given below (Refer Fig. 10*37). 
i. Draw On and 01 perpendicular to each other. 

S'. Emm 00W* the do load cum*-' per phase at an angle 4* with Ob after chooi* 

inf ft <wl «P* dttwft/wuo. . 

* Vwk’MWh and 1^— 
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1 Draw 0'I> pawing through O' and parallel to Oa. 

4 Draw OB short circuit current per phase atran an^Io fa*. 
^#e«*tan -1 X*/B$ and h* m B*lZt. 



Fig. 10 37. Circle diagram. 

5 Join 0* with B . 

6 . Construct the perpendicular bisector of O’B intersecting the line O’D at 0. Point 0 
is the centre of circle having radius CfG. 

7 Draw the circle ff BO. 

8 Draw BF perpendicular to CAD and divide it at 0 in such a way that 

BO rotor retistance referred to stato r 
OF M stator resistance r* 

9 Join O' to Q 

The line O'G is known as torque line and line O’B as output line The diagram can 
be used to determine the characteristics for any current 

10 In design, we are mainly interested in characteristics at rated output. The point 
A corresponding to rated output can be located as given below : 

Suppose we have drawn the diagram with a current scale of 1 cm*»x ampere 
1 cm-s Bi watt per phase. 

(It should be borne in mind that we have drawn the diagram considering phase 
current and phase voltage and therefore the results are obtained in terms of power per phase 
In order to get total power we will have to multiply the results fcf power and torque by 3 for 
3 phase machine') 

Extend line FB Gut off B5-" rated output per phase. 

Draw a line SA parallel to output line O’B cutting the circle at A. Then A is the 
operating point for rated output. 

11 Draw AH perpendicular to Oa, 

12 Join O’ to A This gives t fb"-rotor current phase angle. 

11 Lab 1 points JKL 

Stator current per phase at full load U<~OA. 

Stator power factor at fuU load cos 4**AHjOA. 

Constant lo» «*3 xJB. 

Rotor copper low at hill load—3 X LK. 

JH and LK am measured on power male. 



vum nun induction motcwi 


ei . rotor copper loaa LK 

** *- rotApu. -32" 

Efficiency ,- r0 ’° r 01 ! ,pm . 

' ' stator input iUET 

Torque “3 X AX W (aynchronous) 
with AK measured on powes scale. 

The location of point M on circle for maximum pjwer output is done by drawing a 
perpendicular on the output line from C. Line MN represents maximum output. 

Maximum output—3 XMN. 

The location of point P on circle for maximum torque is done by drawing a perpend!* 
Cttlar on torque line from 0. Line PQ represents the maximum torque 

Maximum torque—S XPQ W (synchronous). 

Line BO represents starting torqfte. Starting torque—3 XBG. 

MB, PQ and BO are measured on power scale. 

The values of slip, efficiency, and power factor can be more accurately Hetermired 
by using some additional graphical methods. 


esacsaT f rriciracv 

100 so soNjo so *> 40 3 ? ? ,° 

___i» i n ‘ ■>-n rf— 



Fis. 1031. Determination of slip, efficiency and power factor 
from dick diagram. 

Fig. 10 38 shows the circle diagram drawn as per the procedure given above. 

Draw the output line &B backwards to out do at T. 

Draw vertical lines TV and (fVf, 

trt—i output line CtB to a convenient point U, 

From V, draw line UW parallel to torque line and line CT parallel to horiaosttal ash 


Divide both lines QW and tJV into 100 parts. 

o'A to cut line TJW'M X. Point X indicates the value ofnerceatage *%•.« 
Xxtand d'i to cut liue C7F at 7. -Patel 7 iadicatas tha perwg<\fldency. 


and a radius 100 arbitrary uni*. 


m 


Extend OA to intersect the quadrant at Z. 

Project OZ on vertical axis (fit. 

Vertical projection OZ ' gives the value Of power'factor. 


10 31. Calcalatiea of maximum output from geometry ef circle rftegrum. 
Referring to Fig. 10 7. 

Maximum output—3.1. X MN wfthJfJf measured on current scale. 

We have MN tin +wMM 


or 


IF- 


MR 




IW 


CU-CR 
sin #mi> 


CM—O'C COS 4ttr 

- ; . - - -- 

tin faif 


Now 

O'E-2 CM sin gnr 

. 2 nn dt«r 

Since 

OM-O'C 

• 

• • 

Now 

wu/Bd- co«d«f) O'B 

2 sin* _ 2(1+001 d»r) 

O'BaiOB— and 

• 

o e 

MNmm 1 -. 

' (1 •f’COS dw) 




Hence, maximum output* 3 E, 2|TTco7^) 


.(1053) 


10-32. Dispersion coefficient . There are two major factors which influence the 
power factor of an induction motor. 

(*) Ma'gn ti Using current. If the magnetising current of a motor Is large, its power 
factor is poor. 

«») Meal shaft dradt enrrent. Ideal short circuit current is defined as the current 
drawn by the motor at standstill if its resistance is neglected. If the ideal short circuit current 
of a machine is lsrgs it indicates that in leakage reactance is small. A small value of leakage 
reactance means that the p j war factor of the machine is good. Thus a luge value of short 
circuit current (a small value of leakage reactance) indicates a good power factor. 

Here we introduce a o iiWeStt catted 'Disptrtion coefficient’. It is defined as the 
ratio of magnetising current to ideal short circuit current. Thus dispersion coefficient 

• matnetiatog current lm itnnA\ 

ideal short circuit current ""/«< *** ' 

Ideal shortctocuit current /••<—...(1055) 
where Xt—total leakage reactance of motor referred to stator. 

tm & m TT •••:*«“> 

If In and X* are samB, the value of power factor will be good. Thus a small value of 
dispersion coefficient Indicates a good' -power factor while a large value of dfs pe ttfaa 
coefficient means a poor power factor. 

Let us evaluate the dlspcrtioa coefficient. s 

Now, magnetising current (See Eqn . 10*27) 



rtuafe nuu induction woroai 


m 


and 


JW»I'3SA». 


Ideal abort circuit current 







M 





where *-eflktive specific permeance«»A«+Ae+A*+A» 

From (•*) and (ii), dispersion coefficient 

'B0Z* -IWW) 

-o-8Mxto« ~ffi^ ...am 


Consider a machine erich a given core length and diameter. By examination oflpi, 
1 J 57 we find that as we increase the number of poles, the dispersion co*efficicM increases and 
an increase in the value of dispersion coefficient means a poor power factor. ’Hum fnilittltif 
motors with large number of poles (slow speed machines) have inherently a poor power faeUMr* 

Let us examine the same equation in another form (Bqn. 10'S8). As the number if 
poles increases, the pole pitch t decreases and the number of slots par pole per phase ft that 
decreases and hence there is a large increase in the value of dispenfoa pfedMrtd wm ( 
increase in number of poles. Therefore, with increase in number of poles it becomes difficult 
to get a good power factor. 

It is clear from Eqn. 10 57, that the dispersion co-efficient can be decresuad and 
hence power factor increased by using small gap length. But smalt air gaps give 
owing to increased xigxsg leakage. Therefore, length of air gap should not be unduly 
decreased. 

10321. Effect of dispersion cecfidcat oa maulim fewer factor, fig, 

10*39 shows a simplified circle diagram of a polyphase induction motsur 
where OA*»magneti*ing current and OH**ideal short circuit current, 

Dispersion coefficient c—OA/OB. 



- 90 *. 


Pig. 10*39. Simplified circle diagram. 

Maximum power factor is obtained when line OF is tangent to the circle or A.OFB 


Maximum power ffictor 

_ FD ABU AB 


OB-OA 1 -« 

'M i+» 


..•UMC 
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With c—0*05, maximum power factor——O'905 
and with o—0*1, maximum power factor—0 8175. 

i Tv I 


Thai the maximum piwjr factor obtainable in a machine reduces drastically with an 
increase in the value of dispersion coefficient. 

It is possible to obtain o—0*05 and hence obtain power factors which are nearly 0 9 
and over in machines with 2» 4 or 6 poks. But with larger number of poles a increasei and 
therefore it becomes difficult to obtain high power factors with machines having large num* 
bar of poles. 

10 32 2 Effect of dispersion co. efficient on overload capacity. If an indue* 
lion motor is designed to have its maximum power factor at full load, the correiponding out¬ 
put is given by FB (Fig. 10 39), where FO is perpendicular to AB. 


The maximum power output which the m tor can give occurs when the current is 
OS. The position of H is vertically above D the centre of the circle. The maximum power 
output is given by HD HD in fact represents the maximum power input but if we neglect 
all losses it represents the maximum power output. Thus the over load capacity is : 

maximum power output , HD AD 

full load output FQ FD sin <f>wn» 

AD _ 1 

AD sin <f>min sin fUtu 




— gyi ” * •••( 10 * 60 ) 

When the dispersion co-efficient a—0*05, 

.■ maximum power output 1+0*05 
r,u °- full led output - ijm 

When the dispersion co-efficient a—0*1, 

maximum power output 1 +0*1 .... 

nb0 ridf loid output 2v^T 1 

Thus the overload capacity of induction motors decreases with uicrea u in the value of 
dispersion co efficient. 


10*32 3. Effect of change of air gup length. The value of magnetising current is 
directly proportional to the length of air gap. Thus an increase in the length of air gap 
increases the magnet uing current but leaves the ideal short circuit cut rent practically 
unaffe ct ed. An increase in magnetising current means an increase in the «st«e of diaper* 
■ton co-efficient and therefore an increase in air gap reduces the maximum obtainable power 
factor. This reduoes the output for agivenounent. 

Since there is no change in the value ofideal short circuit current, tjtod§MMtnr of 
the circle diagram remains the same end therefore the maximum power output end the 

' —***—to r q»»y f—aafo 
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10 32*4, Effect of change of number of poles. Lki us. examine the efRct of 
changing the number of poles for a given frame. Any change in the value of number of potei 
does not effect the magnetising current since the flux density remains the same. 

The flux per pole is inversely proportional to the number of poles. For the same emf 
the number of winding turns are inversely proportional to flux and therefore are directly 
proportional to the number of poles. The expression for standstill lcakag< reactance is : 

X,» 8 « / Ti* Lh/pq,. 

Since T* oc p and therefore X$ cc p. 

Now ideal short circuit current is Ini^Ei/X, cc 1/p. 


Therefore, the i cal short current varies inversely as the number of poles. Hence we 
conc lude t hat the diameK r of circle diagram varies inversely as the numLxr Cf pphPfjBee 
~Tig. ltnWn an 3 "c; 3 n - eqiieiitiy tne maximum power! n put'varies in this way too. The full 
load input likewise varies'’appfdXTmaTfly iwewdlf as tne number of potes necessitating a de* 
crease in their section and therefore in their current carrying capacity. 

The torque remains unchanged since it depends 
upon flux density and rotor current. The speed varies 
inversely as the number ol poles. The output is product 
of torque and, therefore, it varies inversely as the num- 
ber of poles. 

An increase in number ot poles decreases the ideal 
short circuit current and therefore increases the dii pert ion 
co-efficient. Hence an increase in number of poles results 
in decrease itrtuaXtmmH power fhetm.. 



10 32*4. Effect of change of frequency. If the frequency is changed without 
a'rering the number of poles it leaves the dispersion co-efficient unchanged. As the speed of 
rotation of flux varies as the frequency the number of winding conductors must vary 
inversely as the frequency to produce the same emf with the same flux. The result of lower¬ 
ing the fnqucocy is, thcrefotc, to reduce the output in a manner similar to that caused by 
an increase in the number of poles. The effect is not so great, however, since the power 
factor is not lowered i.e. if the frequency is reduced from 50 Hz to 40 Hz and the same 
number of poles are used, the full load input is reduced to 4/5 of the original value. 

The copper losses are unaffected, but the friction and windage losses are reduced to 4/5 
of original value and the iron losses to less than this. The efficiency is therefore reduced but 
slightly. 

On the other hand, the reduction of frequency may allow the use of fewer poles 
without causing excessive speed. In this case the dispersion co-cificient is reduced and the 
power factor improved. 

If the number of poles is reduced in the same ratio as the frequency, the speed is 
unc hang ed and so is the total number of stator conductor*. Hence, the magnetising current 
is reduced in proportion to the frequency, as there are more turns per pole. The diameter 
of circle diagram u unchanged and so the effect is the same as changing the air gap length 
in proportion to frequency. # 

Example 10*23. A 4 pole, 3 phase induction motor has its maximum power factor of 
O'86 at its normal Ml load of 10 kW. The efficiency at full load ie 88% . Examine the fleet 
of (a) increasing the air gap length by 80 percent (6) rewinding >he frame for 0 polee, on (0 
maximum power factor (ii) full load output (Hi) efficiency. 

Solution. From Eqa. 10*59, maximum power factor 

«* 0 ‘ 85 -n^ 

.*, Dispersion co-efficient 9*0*0812. 
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From Eqn. 10 57, the dispersion co*efficieut a {«directly proportional to air gap length 
and therefore increasing the gap length by 50 percent increase* « to 1*5x0*0812—0 122. 


K 


New maximum power factor* 


1 - 0-122 
1 + 0*122 ’ 


O'*™ 1 *-' 


10 

0*88 


0 7 83. 

-irsc kW. 


New input 




new power factor 
original power factor 


X original input 


0 783 
085 


XI 1*56-10 46 kW. 


The original efficiency is 88 percent and therefore losses are 12 percent of original 
input. The losses remain the same. 

N?w output —new output—losses 

-10*45-0*12x1 r36«9*l kW. 


9*1 

New efficiency —jg^g-X 100—87 percent. 

The diameter of circle diagram is u ^changed and therefore the maximum power outs 
put and the maximnm torque remain the same. 

(6) An increase in number of poles from 4 to 6, increases the leakage reactance to 
1*5 times the original Value. Therefore the new diameter of circle diagram is 2/3 times the 
original diameter. 

Thus the full load current must be reduced to 2/3 of its original value. Also the dis» 
penfoo oo*efficient increases to 9/2 times its original value. 

Naw dispersion eo< efficient 0—1*5X0-0.812—0 122. 

New msuttamm power factor—0783 [see part (a)] 

Hence full load input—|* X X original input 

"T x S : § r - 11,S6 ~ 6 ’ 96 kW * 


The losses still remain nearly the same since the stator resistance is increased in the 
ratio (3/2) 1 as there am 50 percent more conductors and the cross*section of each conduce 
tor fa 2/1 timet the original value. The stator current fa reduced to 2/3 of original value and 
«a atatoir copper losses bring PS, they remain unaltered. The hut in rotor fa TWinfliiwtdl 
since the toraue and font density and hence the rotor current are unaltered. The firktioa 
loss fa only 2/3 as great as before (due to speed becoming 2/3 of original value), but 1 percen t 
is ample allowance for this reduction. Therefore 

New output—new input—(0*12—0*01) original input 
-6*98-0*1 IX 1*30-5*73 kW. 

3*75 

New efficiency—-g^gg X 100—82*7 percent. 


Since the diameter becomes 2/3 of the original, the new matimum power output fa 
nearly 2/.1 times the original maximum power output. 

Now torque—output/(2x X speed). 



THUS PH AH INDUCTION MOTOS8 


693 


II 

The maximum power output with 6 poles U 2/3 times that' with 4 poles Also the 
speed with 6 poles is 2/3 times that with 4 poles and hence we conclude that the maximum 
torque remains unaltered. 

11*33. Relation be tw ee n D and L for beet power factor 
The total permeance for leakage flux paths of an induction motor is 
A»At+As 

where At* A s are the permeances of leakage flux path of embedded and overhang portions 
of windings respectively. 

The p-rmeance A j may be assumed to be directly proportional to the length of the 
embedded portion of the conductors and inversely proportional to the pole pitch, or 

A x **AL\x where A *»a constant. 

The permeance A« may be assumed to be directly proportional to the pole pitch as 
an increase in pole pitch will increase the length o the overhang. 

.’. where 2?«-a constant. 

Hence, total permeance of leakige flux paths 


•*A 


pL 

itP 



We obtitn bast piwir factor when the leakage reactance is minimum and for leakage 
nactanc * to be minimum the per neince of leakage flux paths should be minimum, 

and A is minimum when 


A A 

Differentiating the expression for total permeance, and equating «0, we have 

4pL . Bn __ •«_ 4 P* r 

-gr+T" ”° " b ■? L 

A study of several norma) designs gives an optimum value of 0‘18 for 


A \*.4l ...(10’62) 

and pole pitch v*»V0‘i8 L ...(10*63) 

£qns. 10 62 and 10*63 give the relationship between D ami L for best power factor. 

16*34. Methods of improving starting torque 

It has been discussed earlier that a high rotor resistance is required for good starting 
torque and reasonable starting current but a high value of rotor resistance leads to poor 
efficiency and high speed regulation under load conditions. An overall alteration of the 
resfetanee is passible by changes in the cross sectional areas and materials of the bars and tile 
and rings, is the ease of plain squirrel cage ma ch i ne s , the rotor resistance is constant, a 
oe mpw mim in design Is neceesary, and the resulting motor may not be always s at is f ac t o r y fee 
fliHaint a pp l i cati o ns because of the characteristics that cannot be abend. However, tbs 
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simplicity of the cage rotor offer* great advantage* in manufacture and, therefore, methods 
have been devised to reduce the disadvantages of fixed resistance. 4 n improvement in the 
ratio high ratio of starting torque to full load torque is obtained by using the following 
two typ» 3 of rotors which employ change of rotor circuit impedance with change in rotor 
frequency to obtain high Itarting torque and also high efficiency under load conditions. 
These arc: 


(i) double cage rotors (ii) deep bar rotors. 

10 34 1. Double cage rotors 

The winding mMhts of two cigei which may be electrically linked or indtpendent. 
The two s"** of »">t r b os may be shoit circuited by the same end rings or by separate ones. 
A die-crfit nlutni’f im winding may also be used 
for double cap" roion. A double cage rotor is 
shown in Fi 1 10 . 


outer 

CASE 


Qi» 



MMER 

CASE 


Fig 10*4!. Double cage rotor. 


The outer oge uses bars of smalt cross- 
section and therefore its r< sistancc is high. How¬ 
ever, since th* outer cagt is nearer to ti o air gap, 
i ts leakage reactance is small On the other hand 
the inner cage uses b. r» of large cross*srction and 
therefore its resistance is small. The inner cage 
is linked with the air gap flux by a long narrow 
slit, so that it h is <i high leakage reactance (It should be noted that slits are necessary to 
prevent the inner cage from being missed by the air g.ip flux because if the inner cage bars 
were buried in iron, the g ip flux would link only the outer cage) 

The working of the double cage rotor is as follows: 

At starting the fre quency of the rotor currents is the same as that of the supply and 
hence the division of cum nt between the outer and the inner cages is determined by impe¬ 
dance ol each cage V starting, the reactances of the cages are much higher than their 
respective resistances on account of the rotor frequency being equal to the supply frequency 
and therefore most of the current flows in the cage which has a lower reactance i.e. the outer 
cage, which has the larger resistance. 

Under loa 1 conditions, the machine runs near about the synchronous speed and there¬ 
fore the rotor frequency is very small and hence *he reactances of the two cages are negli¬ 
gible Therefore, the cum nt division between the two cages is determined by the resistance, 
and hence the inner cage which has a small resistance cairies most of the current. 

Therefore, at starting the resistance of rotor is high giving a high starting torque and 
a low starting current, and while running the resistance is low, giving good efficiency 
and low speed regulation. It may be assumed to a first approximation, tne two cages 
produce two separate torques and the total torque of the machine can be obtained by summ¬ 
ing the two torques as shown in Fig. 10*41. The resultant speed torque characteristics 
can be modified and any desired characteristics obtained by modifying the individual cage 
resistances and leakage reactances. The resistances can be changed by changing the areas 
of cross-section of bars while the leakage resistances can be changed by changing the width of 
the slot openings And the depth of the inner cage. 

The pull out torque of a double motor is smaller than that of 
a plain squirrel cage motor because two cages produce their maximum 
torques at two different speeds. Also, the additional reactance 
of the inner cage lowers the full load power factor while the high 
resistance of the outer cage increases the full load PR toss thereby 
lowering the efficiency. However, the energy efficiency of a plain 
squirrel cage machine designed to give the same starting torque as the 
double cage machine is lower. _ 

N 

jXo, tft-M tOfiSd 

asvaownsnci os a nvnwe 
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1634 2. Decpbar rotor. The production of eddy current lou in conductors has 
been dealt with in chapter 6, Art. 6 40 on page 322, where it is shown that the loss is 
proportional to the fourth power of conductor depth. It has been shown that a conductor 
4 mm wide in a alot 5 mm wide has a total copper loss of 1 058,1*91# 5 6 times PR loss for 
conductor heights of 10,20,30 mm respectively, 

A considerable increase in resistance is thus obtained at starting when the frequency 
is high (si is large). Pig 10*43 shows some typical shapes of deep bars and alots used. In 
small motors, large depth cannot be used as adequate spice has to be kept for core, shaft and 
cooling ducts. 



Fig. 10.43. Profiles of deep bar rotors 


The increased leakage flux (w'tichjt required to produce a high eddy current loss in 
conductors) affects the power factor adversely, an 1 the efficiency is lower than that in plain 

cage motors. 

The current ii mitoly confined to the upper portion of the conductor during starting 
and this part bacomes hot. Bat heat ii dissipated to the lower portion, especially where a 
greater cross section is employed as in T bar. 

the connection of the rotor ban to their end rings must be carefully designed because 
the connection represents the most likely source of weakness. 

10-38. Losses and efficiency. The various losses in induction motors are : 

1 . Stator copper losses. 2. Rotor copper losses. 3. Stator iron losses. 4. Friction 
and windage losses. 5. Additional losses. 

The calculation oflosses except additional losses has been explained earlier. 

Efficiency ,t full lo*i 1— 

16*38*1. Additional losses 

The additional losses include 

({) additional copper losses «») additional iron losses. 

With 1 sinusoidal voltage impressed across the terminals of the motor, the additional 
copper lof t— are due. In part to the higher order mmf harmonics and to part to skin effect. 
Theadditiaaal losses owing to higher order mmf harmonics occur mainly in windings of 
iqtrirrel cage tutor. These additional copper losses may be decreased by : 

(i) chordiog the itetor winding, 

skewing die rotor, 

(Hi) having « proper dot combination. 
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The Ain effect ptewniiaott l« observed in stator and rotor windings especially la 

« cage machines. Hon the effect may be used for improving starting cbaract riitics 
n with a cage rotor. 

However, during normal operating conditions the frequency of the current in the 
Jotor does not exceed about 3 Ha or so and therefore this skin effect is practically absent. 

The additional losses in iron consist of (i) pulsation losses and (if) surface losses. The 
pulsation losses are caused by direct axis pulsation of magnetic flux due to varied >n of 
permeance earned by continuous change in mutual posit ions of rotor and stator teeth during 
rotation of rotor. 

The additional iron losses in induction motors are about 0'5 percent of the supplied 
power. 

10‘36. Temperature riae. The calculation of temperature rise has been explained 
in Art. 3*36' i page III. The cooling coefficient for the different surfaces are taken from 
TaMe 3 6, 


DESIGN PROBLEMS 


Design Problem 1. Design a 2 2 hW, 400 V. 3-phcue , (IV u» 
squirrel cage induction motor. The machine is to be started by a star 
eknsy is 0 8 and power factor w O'806 at fail lead. 

8dfatten. 


60 at, 1600 synchronous r.p.m, 
delta starter. The 


, Main Dimenaion. Synchronous speed »•—1 ; j 00/60*»25 r.p.s. 

Nuxaber of poles p—2//n»<— 

* The machine is meant to be sold in a highly competitive market and therefore its 
prim b the major consideration and its performance characteristics like efficiency and power 
famor can ha sacrificed. In order to design a cheap machine we must use higher values for 
specific electric and magnetic loadings. Assuming 

$**—0’44 Wb/m 1 ; oe—21000 A/m and jfw—0'955. 

Output coefficient C#— 11 Km Bm ac 10“* 

—11 xQ'955x0*44X2I000Xl0“*«-97. 

m input e -w^nr -** 

Product D*i« Ir * ”*• 

For a cheap design, ratio L/x should be between J *5 to 2. Assuming Z/v—1*5 

» -z§pr mV5 ot t- 11 *** 

r 182P-1*373Xl(T» 

Mr D—i *103 m, Z—0*125 m and t—0*0825 m. 

As the length of core is 0*125 m and therefore there is no necessity of provfdii^ ntsjf ? 
redial ventilating duet 

Nat tanlength Z*—0*9x0*125—01125 m. 

Lcbys 0*5 mm thick laminations are used for the machine. 
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05 / 


SuUrDMiga 

Winding. 


The machine is to be designed for delta connection as it is started by a 
star delta starter. 

Stator voltage per phase A—400 V. 

Flux per pole v £-0 44 X0 0825 X0 125-4 54 X 1(T* Wb. 

400 

Siuor turn, per ph»e T.- ffft » X 4 ; Mx i (r*XU : M» " 4lt ' 

The slot pitch should be between 15 to 25 mm but can be less than 15 mm for small 
machines using semi-enclosed slots. 

Taking stots per pole per phase g*—2 
Total stator slots A—3x4x2-24. 

Stator slot pitch go—nxOiOSX l0 3 /24—13*73 mm. 

. Total stator conductors—62%—6x416—2496. 

Stator conductors per slot 21 m—2496/24— 104. 


Mush winding in tapered semi-eacloied sbfj u mci for the siator. \l,:*h *• 
i* a single layer winding and the total nu n*> r of statpr oils is ru h ilf tl - n . 

stator slots i «. 12. 

Coil span 0«—slots/poles—24/4—6. 


But the coil span should not be an even integer in case of mu k wm !an- 
a coil apen of 5 slots is used. 

Thus the coils art chovded by one slot pitch. 

Angie of chording a— (1/8) x 180*-30*. 

*. Pitch factor 2T»—ooa a/2*f0*966. 

Distribution factor for 2 slots per pole per phase, 




l 




■ * M 


Stator winding factor X»<— K* XX»—0*986 x 0 wo-u^ 

Has. 


2*2X10* 

S—r current per phaie ————2 77 A. 

Stator Hnfcurrent—V'SX 2*77—4*8 A. 

Choosing a current density of 4 A/mm", 

Area of stator conductor required—2*77/4—0*6925 nun*. 

Diameter of conductor (bare) required—0*94 bub. 

From Table 17*7, the nearest standard conductor has a bare diameter 
d—0*95 non. 


.*, Area of stator conductor used «•—*/4 (9*98)*—0*709 
Current density for stator ooaducten, li—*191 A/mm 1 . 


Diameter 

Ibhie I7*n 


p oad yt ar 4*1-941 mm. (Using medium veering. See 
■ e 
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Slot Dlmnilwii, Space required for bare conductors in a »k>t 
—Z„Xa«—104 x 0*709- 73 6 mn.» 

Taking a space factor of 0*4 for the slots 
Area of each slot—73 6/04—184 mm a . 

Before deciding the slot dimensions to give the above area, the minimum tooth width 
that would keep the flux density within limits must be found. The maximum allowable Bus 
d nsity is 1‘7 Wb/m*. 

Minimum width of stator teeth 

4*54 X MT* 

<TTi,U,- \ ) X 8,/pxLi " 1 7X(24/4)Xp 11*5 m 
—3*95 mm. 

A tooth of constant width 6*0 mm is taken. I he dimensions of the slot are worked at 

under: 

Take lip—1 mm and wedge—3 mm. 

Suppose h be the height in mm as Indicated in Fig. 10'44 (a). 




Fig. i0'44. Stator Slot. All Dimensions in mm. 

Slot width at Ad- -6-18 n.m 

and width of dot at the bottom 

•(105+2x4+28) . «8 __ 

— - 24 .™ —n—o o+ J2 1,111 * 

Area of conductor portloi. of slot 

-3-8 (a*8+-jy 4-8 8 J- 1 P 4 mm* 

or A—17 mm. 

•\ Width at the bottom of the slot—8*8+ 18*2 mm 

and depth of the slot 4 m- 174*4—21 mm. « 

, The arrangement of conductors and the Jmulatioa4i shown in Fig. 10*44 ill. 
length of meen torn £etl«—2£4 2*3t+24—0*88 mm. 



SttUrTitth. 


nu« rfndtr i. .u,or Mth- 

(24/4)X6X10r*XO-H2S * u ” D ' 1 " • 

ThU Ii ft good figure u there ii no saturation and alio the teeth are not being worked 
at a low flux density. 

•tutor Cert. Flax in stator core 

-{4 54 X 10“*)/*-2 27 X KT» Wb. , 

Assume a flux density of 1*2 Wb/m*. 

2*27 X10"* 

.*. Area of stator core Am*• - - g - — —1*89 X 10“» m*. 

lflOxIO"* 

Depth of stator core d«— j — ■ifi‘8x 10“* m. 

Taking the core depth da*—17 mm. 

Flax density in stator core JB«« M (16*S/17) x 1 *2—! 185 Wb/m*. 

Outside diameter of stator laminations Z>«—Z) j-2du+2d* 

-105+2(2i + 17)-18l mm. 

Rotor Deeigu. r ' 

Air Gap. Length of air gap 4—02+2 VO' 105 x 0*125—0*43 mn 

But this would result in a large magnetising current and therefore a shorter gap should 
be used. A gap of 0'3 mm length may be suitable. 

Referring to Table 10*2. 

Length of air gap fa—03 mm. 

Diameter of rotor Dr—105—2X03—1044 mm. 

fist** elute. The number of rotor slots is taken as one pole pair ((,«. 2 in this case) 
smaller than the number of stator slots. 


a^The number of stator slots A—24 and the number of rotor slots dr—22 . 
Rotor slot pitch at the air gap 

F«r—u X0* 1044/22—0*0149 m—149 m-14*9 mm. 
Refer Bate. From Eqos. 10*39 and 10 40, rotor bar current 


*.*»-***■ x/acos J- ^X0J33X41 l x2 ,7^0^,244 A . 

In order to obtain a go jd starting torque, a ldgh value efeunent daasity ahould be 
need far in rotor bars. Taking the rotor her ourrent d en sity Be—«i A/mm*. 

Area of eech rotor bare*—244/8-40*7 sun*. 

Referring to Table 17*1, the dim e nsi o ns of ccmdueftor used art 7*0X«*3 urn# tilth an 
rfes—44 e nun*. - • 
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U'he alot wed ia shown in Fig. 10'45. 

Width of rotor alot IPir«» 6'8 mm. 

Depth of rotor alot IP*r*9 3 mm. 

Before finally deciding the dimensions of the rotor 
ilka, the flux denaity in the rotor teeth at the root ahould 
be checked. 

SW pitch at the bottom of alota 

•*(104 4-2x9'3) 

----I2 2ma 

Tooth width at the root 

FPi»12 2—6 8~5‘4 mm. 


-r*r 



* 


. 10*45. Rotor alot. 
I dimensions in mm. 


Flux density at the root of rotor teeth 

_ 4‘34xl0-» 

" (22/4)XU*1125X(54xUT*j 

The flux d< nsity in terth is within limits. 


1*36 Wb/m*. 


T he bars are skewed by one dot pitch. Extending the bars by about 15 mm beyond 
th» core on each aide and taking 10 mm aa increase in length became of skewing. 

Length of each bar I»"125+2X 15+10*165 mm 


Resistance of each bar 

r ,_ _777X| 0 -*O 

Total copper lorn in bars 
-22X(244)«x77 7xi0-‘«101 W. 
Ead Riaga 
End ring current 



Fig. 10*44. Rotor details. 
All Dimensions in mm. 


8rh 

np 


22X244 


■428A. 


Taking the current density in end ring 8«*>6 A/mm 1 . 

Area of end ring ee«428/6*7T3 mm* 

Using a ring of 10X8 mm section. 

Depth of ring d** 10 mm, thickness of ring f #«*8 mm 
and area of each end ring «i«80 mm*. 


The ring is bcaaad to the bare aa shown in Fig, 10 *46. 

(In practice howomr, the rotor of this machine may be/lie can wing aluminum^ 
Outer diameter of ead ring* 104*4-2 X 9 3*83*8 mm. 

Inaser tHerntw of end ring*858-8 X 10*65 8 mm. ' 
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Resistance of each ring r*— 


P nl), _ 0*021 X*X75 8 xKT» 


o« 

62 5X 10“*G. 


80 


Copper loss in two end rings—2X(428)'X62*5X 10~ B —■ i 1 W. 
Total rotor copper loss —101+23*** 124 W. 

rotor copper loss ^ a 
* rotoi output 1 — • 

or full loa l.slip »«5 j per cent, 

rhisis a reasonable figure for a 2‘2 kW machine. 


RsMbCore 

Tlte value of depth of rotor core is taken equal to that of stator core. 

Depth of rotor core d«r *• 17 mm. 

Flux density in rotor core B«r— 1 * 185 Wb/m*. 

Inner diameter of rotor laminations A— Dr—2d»r—2d«r 

-104*4-2 X 9*3—2 X 17-51*8 mm. 

NelmiGmwi 


Magnetising Cwreat 

Thi mnfs required for various parts of magnetic circuit are calculated below : 
<•) Air Gap: 




■V /V* 


For stator slots : ,/ 

ratio (slot opeoing/gap length) *** 2/0 3 —€'67. 

From Fig. 4 9 page 124, Carter's co- efficient corresponding to 6'66 for srmnenrlotvd 
■lots, £••—068. 

Gap contraction factor for stator slots . 

3' ' 


K$$$ 




L "' 

iifc-.u. 


j3 75-0 68 X2 




Foi rotor slots, ^ vV " /V1 

ratio (slot opening/gap length)—Hi/3—5, 

Corresponding to a ratio 5, 0 6 . 

Gap contraction factor for rotor slots 


r "'**',.,~j£V. 

14*9 

“74*9-6*4 X 1*5 w ' 

Gqt contraction factor for slots 

1*»Xi«XX»h- 1'!1 xl«M»ri8. 

As there art an ducts, the gaf contraction te ete r for ducts lx it unity. 
Gap contraodon (actor Rfwl^K£#a«ri8xl—1*18. 



A re* of air gap A# 


kX 0*105 


xO*125-IO*3xlO**m». 


From Eqn. 4*120, B H0 -\'36 B m - 1*36 x0*44-0*6 Wb/m*. 

EffwiKi- length of air gap Am— 1'18 X 0*3—0*354 mm. 

Mmf required for air gap AT#—800,000x0*6x1 *18X0 3x 10“*" 170 A. 


(If) Stator Teeth: - 


Area of teeth per pole—(&/p) x H'i*x Lt 

-(24/4) X 6 x 10-* X0 1123-4 05 X 1G“* m*. 

Flux deniity in stator teeth &•—112 Wb/m*. 

.*. JWl*86x 1*12-1*52 Wb/m*. 

Corresponding to this flux deniity (we Fig. 4*2 page 120 for Lohya steal) 
ola-1200 A/m. 

.*. Mmf required far stator teeth—1200 X 21X10**—25 A. 

(Ill) Stator Gore: 

Area of stator core A #»—Lt d«—0 1125X0 017—1- 915X10"* m*. 

Flux density in stator core &«—1*185 Wb/m*. 

Length of magnetic path through stator core 


, s(D+ 2 <ii+Am) 

3p 

^js(1054^x 21 + 17) j 0 -s w4 3 x J0 -* m 

3X4 

Corresponding to a flux density of 1*85 Wb/m 1 , «!#*—280 A/m. 
Mmf required for stator core AT*—289x43 X Iff**—12 A. 


(It) Kotor Teeth: 

Width of rotor :eeth at | height from narrow end 


- W» 

0(104*4—4x9*5/3) 
“ 22 


't 

6*8—8*3 mm. 


Area of teeth per pole at | height from narrow end 

Aw—(22/4) X 6*3 X I(T* X 0*1125—3*9 X W* «n*. 

Flux deniity in rotor teeth at | height Kai/^—1*16 Wb/m* f 
.*. JW*-l*38x1 10—1*575 Wb/m*. 

1 a * 

Corresponding to this to density an—2000 A/m. 

.*. Mmf required for rotor teeth Aw—2000X9*5X10"*—19 A. 

(») Enter Gera t 

Kotor core arte Aw-Xt dw-0*1125XI7X10**-1*913 XlO”* m*. 

Flux density in rotor oort—1*185 Wb/m*. 

Gorreapoodinf to this flop dendtrn4wHW9A/pu 
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Length of Sax path in rotor core 

-Itx .«• 

Mmf for rotor core*.dT«r*280Xl6x KT^SA. 

The magnetization data is tabulated below : 


Part 

D 

Ini 

B 

Wbfnfi 

Ah 

Wbjm* 

at 

AT 

Air Gap 

103x10* 

0-354 

044 

0-6 

48000 

170 

Stator Teeth 

405x10"* 

21 

1-12 

152 

1200 

25 

Stator Core 

1-915 x MT* 

43 

MSS 

- 

280 

12 

Rotor Teeth 

3-9x10-* 

93 

1-16 

1-573 

2000 

19 

Rotor Core 

1-915 xl0-» 

IS 

1-185 

» 

— 

280 

S 


Total AT m ~m 


Magnetising eurrent per phase L 


0*427 p AT U 
Km»T . 


0-427X4X2S1 

0934X416 


1-0 A. 


Ina Ini in stator teeth. 

Volume of stator teeth«*0‘34 X10”* m*. (6 

Weight of stator teeth-0 34X l(T*x7*6x 10*«2*6 kg/ 

Maximum flux density in teeth**n/2X 1*12*1*76 Wb/m*. 

Using 0*5 mm thick (Lohys steel) laminations. 

Corresponding to this flux density, loss per kg from Fig. 4 2d page 148 is 11*5 W. 
Iron loss in stator teeth*! 1*5 x2*6—30 W. 


Iren loso in stater ears 

Volume of stator core*0-985x 10“* m*. 

Weight of stator cere*0*9SS X 10”* X 7*6 X 10**7’5 kg. 

Flux donrity in stator core* 1‘185 Wb/m*. 

Oor r s s po n ding to this flux density, iron Ion per kg is 4*9 W. 

A Iron Ion In core* 7*5 X 4*9*37 W. 

Total iron low-30+S7-67 W. 

The actual iron Ion will be about 2 rimes this Ion. 

A Total iron low-2 X 6’-134 W. 

Friction and windage leee e e From Table 106, the friction and windage kmei 
are about 4 per cent of output. But with the use of ball and roller hearings, rite low trouty 
be around 2*5 percent of output. 

A /and r loas-(! 5/100)x2200-S3 W i 
Tstd so l«i luittellilf Deis; , * , 
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Lou component of no load current per phase ^* ~3 X< qq ""0 139 A. 

No load current /*—\/1 OHO’iSS 1 —1*0 A. 

No load current tspmstd as a percentage of full load current 

-(1 0/2*77) X100-36%. 

This figure is within normal limit (see Table 107). 

No load power factor cos d»~0i39/10—0139. 

Phase angle of no load current d»" , cos” 1 0‘ 139—82V. 


Leakage reactance 

Stator slot leakage : 

From Eqn. 4 73, for a tapered slot, specific dot permeance 

x ”"*^fn^W+iv^ + tr.%;' +% 



P ! 


—4wX 10"’ 


[• 


2X17 


TllS 2+8*8) + 88+2 + 
^Considering the height Ik, also to be occupied by conductors). 
Motor Slot Leake#*: 

From Eqn. 4 72 for a parallel sided dot. 

Specific slot petmeance 


2x3 . 1 


t ]“ 19 


7X10"* 


Aw* 


■*w: + n^r+Tr, 



J&"' 

,(ri [ +rl7iT+-rl]- 1 * 7x 

Jt I A 

This referred to stator side is A'w—A»rX ^ ^ 


-lo /XlO^X -^^2 4 ■ ,,4 ' 195x , 0" , • 


Total specific slot permeance A»—A**+A'w—34 69 X fb~ 7 
Slot hakage reactance #»— t*rr*WMn) 

-8»XS0X4l**X0iaSx-ii rfifir— — 1180. 


Overhang leakage : 
From 


girf' p 




tag leakage : x 

Eqn. 4*94, LA-* *t*\*fr 

^rar-T- 0 *"*- 

Oomspoadingto this, the value of X$ from Fig. 4'58 page 170 is 0 873. 



Zifmg Uahagt : 

A Magnetising reactance ff«//»—400/1 0—40QQ. 

From Eqn. 10 46, zigzag leakage reactance per phase 

5 Xm( 1 


i-fi 



x»= ■ 


5 400 

6 X 3* 12* 


20 3 Q 


ai y.-24/(3 X 4)-2 and ?r-22/(3 X 4)« 1 885. 

The differential leakage reactance can be ignored in the cate of squirrel cage induction 


motors. 


.*. Total leakage reactance per phase referred to stator 
X.-Il 8+4*7+20 3»36‘8Q. 
Remittance. ResiMnce of stator winding per phase 

0*021x416x0-68 _ 
r,m ' 0709 

Total stator copper loss—3 x 2*77* X 8*37— 193 W. 

Total rotor copper loss*124 W. (calculated earlier) 
Rotor copper loss per phase—l 24/3 **41 3 W. 

.*. Rotor resistance referred to stator 


3 37 0 


, 413 _ 1 

fr " 277* x 0 825* 


• 7 83 C 


Total resistance referred to stator &—8*37+7"83—16'2 Q. 


Impedance 

Total impedance of rotor at standstill 

»V36*8*+16 i*-40 2 Q. 

Short circuit (blocked rotor) current per phase /»*—400/40’2—9’95 A. 
Short circuit power factor cog*,#* l6'2/40‘2~0'403. 

Phase angle of short circuit (blocked rotor) current 

*••-66* 12'. 

Loeeta and Efficiency 

Stator copper loss *193’0 W. 

Rotor copper loss —124*0 W. 

Total iron Ion —134 0 W. 

Friction and windage Ion — S3 0 W. 

ToMl lots at full load-484 W. 


Output at full load -2200 W. .*. Input at full Inn -2684 W. 

Efficiency at fall load ij-2200/(2684)X 180-81 8 per cent ten $ per cent 

—81‘t r rant 

Olds HagiMt The circle diagram hi shown in T%. I0*d7, From Ok di«p»* 
dm rnnlw are: 

B am inane aft Adi tOadineai 



Full loud phase current I,—OAm 2'6S A. 

. Sorting torqu e BO 
FuU load torque “ AK m 





i A 

■ 1 - 

1200 W 
■» 


Fit. 10-47. Circle Diagram. 
Maaimuta torque PQ _ 

Full toad torque "df " 


and 


»*«ta“2SE« ™ ,.* 7 . 

Fun load output AL 
Stator Teaoperuture liee 

Iron team in rtator—154 W. Stator copper loaeei jp.—195 W. 

Copper Km in slot portion — . P*—71 W. 

Total lessto be dbripeted bp stator lurftee—71-f 154—205 W. 

Outride eyHodrical surfitee of sWofn»tX0181 XO’US-TItX l(in «•. 
dooUni eo-eBdent—O'OS (See Table 5*0 page 111). 

Loss dWpated hem back of ooft-71tX l<T»Am-rS8 W/N3. 
laride cylindrical surface of stator—41*2x10"* bit. 
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Peripheral speed F«»* xO* 105 X 25*»8‘25 m/s. 

From Table 3*6, cooling coefficient 

004 _£il_»0022 

1+0*1 F. 1 +0*1 X8*2S 

Low diwipated from inside surface of stator"*41'2 X !(T*/0 022—1 *87 W/C*. 

Cooling surface of two ends 

-?X -j-(0*18i l ~0*105) , *=44X 10“* m*. 

4 

Velocity of air at end iurface—0 1 X8‘25*0*U25 m/s. 

Cooling coefficient ■•0 15/K« rS ®tri 82. 

Low dissipated from end surfaces«*44x \Q~*/0’ 182*0*242 W/ B C. 

Total loss dissipated-2 38+1*87+0-242 b<4*5 W/*C. 

.*. Temperature rise 205/4*5 ■"45*6 *C. 

This is within limits. 

DESIGN SHEET 

KW—2'2 PHASE—3 FREQUENCY—50 Ha 

VOLTAGE—400 V CONNECTION—DELTA TYPE—GAGE 

Rating 


1. Foil load output 


2*2 KW 

2. Line voltage 


400 V 

3. Frequency 

/ 

50 Ha 

4. Phases 


3 

3. Efficiency 

* 

0*8 

6. Power factor 

cm # 

0*825 

7. Number of poles 

P 

4 

8. Synchronous r.p.s. 

n. 

25 

9* kVA input 


3*33 

10. Full load line current 


4*8 A 

T trading 



1. Specific magnetic loading 

B* 

0*44 Wb/m* 

2. Specific electric loading 

09 

21000 A/m 

3. Output coseffident 

c. 

97 

4. JPL 


1*375 Xl0-»m» 

i 

i 



1. Stator bore 

D 

105 nun 

2. Gross iron length 

L 

125 mm 

$. Dam 

SM 

NU 

4. Grow Iron length 

U 

125 mm 

8. Nat Iran length 

u 

112*3 mm 

8* Pole pitch 

t 

82*9 mm 



1. Type of lamination* 


0 5 mm thick Lehys 

2. Type of winding ' 


Single layer mush 

3. Connection 


Delta 

4. Phare voltage 

E* 

400 V 

5» Flux per pole 

4>m 

4 54X10“» Wb 

f. tune per phase . 

Tt 

416 

I. * Nnmbeft>f slots 

a. 

24 

ion per pole 


6 

9. Steps per pole per phase 


•2 

• lb. ’ Coil span 

0, 

5 slots 

11. distribution factor 

K* 

0 96G 

12. Pitth’ factor 

If 

0 9659 

J3. Winding factor 

Km 

0 934 

1 14. Slot pitch .. 

9" 

13*75 mm 

15. Conductois per slot 

Zu 

104 

16. Conductor : bare diameter 


0*95 mm 

insulated diameter 

1*041 mm 

area 


0*709 mm* 

17. Current density 

ll 

.3 91 A/mm 1 

18. Length of mean turn 

Lm to 

0*68 m 

19. Phase resistance at 73°C 

r» 

b*37Q 

20. Copper loss at full load 

3 1,*r» 

193 W 

21. Depth of stator core 

dtt 

17 mm 

22. Outer diameter of stator 



laminations 

D, 

181 mm 

1. Length of air gap 

\ 

k 

0*3 mm 

2. Diameter of rotor 

Dr 

104*4 mm 

9. Type of winding 


Squirrel cage 

4. Number of slots 

Br 

22 

5. Slots per pole per phase 

fr 

1*835 

8. Conductors per slot 

Z.r 

1. 

7. Winding factor 

Km 

1 

8. Slot pitch 

9" 

14*9 mm 

9. Rotor bar current 

U 

244 A 

|0. Rotor bar: cram section 


7 xS*5 mm 

ntee 

os 

44*6 mm* 

t length 

U 

165 mm 

' current density 


3*47 A/mm 1 

11. Pesistence of each bar 

n 

77*7x10"* Q 

12. Copper lorn in ben 

8rH*n 

101 W 

13. Rod ring current 

u 

428 A 



t Btsa »UA«a tx&ucnoN motom 


14. 

End ring : crow cection 


10x8 nun 1 


area 

«• 

10 mm 1 


mean diameter 

D* 

75*8 mm 


current density 

8a 

5*35 A/mm a 

15. 

Resistance of each ring 

fa 

62*8X10-* 0 

16. 

Copper loss in end rings 

2/a«r. 

23 W 

17. 

Total rotor copper loss 


124 W 

18.. 

Resistance of rotor 
(referred to stator) 

rt 

7*83 a* • 

19. 

Depth of rotor core 

dar 

17 mm 

Ho 

load current 



1. 

Magnetising nunf per pole . 


231 A 

2. 

Phase magnetising current 

2m 

1*0 A 

3. 

Magnetising reactance 

Xm 

400Q 

4. 

Core loss 


134 W 

5. 

Friction and windage loss 


33 W 

6. 

No load loss 


167 W 

7. 

Loss component 

2i 

0*139 A 

8. 

No load current (phase) 

2. 

1*0 A 

9. 

No load urrent (line) 


1*73 A 

10 

No load power factor 

cos da 

1*139 

Short circuit (Mocked rotor) oirrat 


1. 

Slot leakage reactance 

•t 

11*8 0 

2. 

Overhang leakage reactance 

So 

4*7 0 

3. 

Zigsag leakage reactance 

s* 

20*3 0 

4. 

Total leakage reactance 

X. 

36*8 0 

5. 

Total resistance 

Rt 

16*2Q 

6. 

Short circuit impedance 

Zt 

40*2 0 

7. 

Phase short circuit current 

It* 

9*95 A 

8. 

Line short circuit current 


17*5 A 

9. 

Short circuit p.f. 

COS daa 

0*043 

i 

i 



1. 

At foil load ; 




Losses 


484 W 


Output 


2200 W 


Input 


2684 W 


Efficiency 


81*3% 


Power factor 


0*829 


Slip 


#*s% 

2. 

Maximum power output/rated 



output 


1*67 

3. 

Maximum torque/roted torque 

2D 
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4. Starting torque/rated torque 1*0 

5. Temperature rise 0* 45*6*C. 


Design Problem II. Design a 11 kW, 3 phase, 44) Y, 60 Os, 1000 eyaokronous r.p.m. 
semirrel osge induction mUir hiving a fail l<>ai •‘ffiysniy of 0 H6 anl a power faotor of O'80» 
The temperature rise is not to exeeed S0*C. 

Solution. 


Mala Dlmeatioaa 


Synchronous speed n«—l J30/60 «16 - 67 r.p.s. Poles—2 X50/t6 67 —6. 

Assume £«—0*45 Wb/m*. ac—22,000 A/m and Km **0 955 

KVA input $-11/(0*86 XO’86)-14 9. 

Output coseficient (7®- 11 xO 955 x 0*45 X 22,000 X1<T»—104. 

/. Product D»£-14 9/( 104*6 X 1667)-8-6X 10“* m». 

Per a good power factor, Llx should be between l to 1*25. Taking L/*—1 as it gives 
an overall good electrical design. 


• • 


or 

or 


—1 


or 


nD/6 

0*523 J0»-0*086xl0"» 
D-0 254 m 


21=0 523 D» 

and Z>—0*1335. 


The dimensions used are 


D-0'25 m L=0*l4m and t-0131 m. 


The length of core is 140 mm and therefore one radial ventilating duct 10 mm in 
width is provided. 

Net iron length £i—(£—i»r Fs)*0'9 (0’14-lOxlO-*)—0 117 m. 

Laminations of Lohys steel 0 5 mm thick are used. 

Beater Design 
Winding: 

The stator winding is delta connected in order that the machine may be started by a 
star delta starter. 

.*. Stator voltage per phase J?t—440 V. 

Flu* per pole-jB«vL-0*45x0 , 3l X0‘14-8*25X10”* Wb. 

440 

Sn:or (arm per ph»ie J 1 .- 4 - 4 ^ wx8 .; 5xul -j x0 . 935 “250. 

Taking slots per pole per phase for stator, $—3. 

Stator slots &—3X3X6—54. Stator slot pitch y«*—n X0'25X t0*/34-14 5 mm. 

Total stator conductors— 62*»—1500. Conductors per slot Z»—1500/54fi*28. 

Total conductors used-20X54—1512 and stator turns per phase JP*—1512/6—252 

The number of conductors used is very near to the calculated value therefore the 
value of flu* density need not be modified. 

Mush winding in parallel sided semi-enclosed dots is used. 

Coil span (7*—slots per pole—54/6—9. 

This ft an odd number and thersfsre this allows the use of fiifi pitch coils. With full 
pitch coils, pitch factor X»— 1. 

DiMriWU f “*° C *•" rS£fe“TE S ® mMi: 

Stator winding factor £•>•>! X0*96—0*96. 7 1 A . 



mm *ha*s iNouctum isotoss 


tfl 


Goadwtor Sise i 

11 X1000 

Stator cumnt per phase 3 x 4 ^x 0 86 x 0-86 ~“' a5 A ' 

Taking a current density of 4 A/mm 1 , area of itator conductor d«—11*25/4—2 81 nun 1 . 
From Table 17*7 # using 2 conductors of diameter 1*4 mm (bare) in parallel 
Diameter of insulated conductor"* 1*505 mm. 

Area of conductor provided o«—2 X (w/4) x 1 4 , *»3*08 mm*. 

Slot Dimension* • 

Now each conductor consists of two wires of outside diameter 1 *505 mm in parallel. 
There are 28 conductors per slot and therefore there are 56 wires in a slot. 

They are arranged as shown in Fig. 10*48. 


Slot width Slot depth 


4 wins 4x 1*90S 

•*6*02 mm. 

14 wires 14x 1505 

■>21*07 mm. 

Slot linlat 2x0*3 

—100 mm. 

Slot lioinc 3x0*3 

—1*30 mm. 

Slack etc. 

—1*48 mm. 

Wcdtc 

—3*00 mm. 



Up 

—1*00 mm. 



Slack etc. 

—2 43 mm. 

Slot width 

W„— 8*50 mm. 

Slot depth 

d M —2900 asm 


Before proceeding further the flux density at a section 
having minimum width of tooth must be checked. The mini* 
mum tooth section is at AA (Fig. 10*48). 

Slot pitch at wad—*e(250+8)/54—15 mm. 

Tooth width at AA IF("*15'0'~-8'5" I "6'5 mm. 

Flux density in teeth at AA 

8*25X10" 1 _.... wl . , 

- (54/6) X6 5 x l<r«X 0.1 »7 1 21 W/b m * 

This is within limits. 

The dimensions of stator slot are: 



Width lF«—9’5 nun and depth d**—29*0 mm. 

Length of mean turn 

!»<«—2£+2*3 v+0*24-2x0 14+2*3x0*131+024—082 


Fit. 10*48. fltaSM'slat. 
All INnwadoaa U nan. 


Stater Gore 

Finn in the eom-825 X l(T»/2-4* 125x 10*** Wb, 

Assume a flux density of 1*2 Wb/m 1 for the core. 

/. Area of stator core 4U-4*25 * 10-Vi*2w3*54x 1<T* m*. 

1 3* 5 4 y 

Depth of stator com do— .. 1 ” "»30 3X10” 1 m—90*5 »»/ 
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The depth of core used is d «*«“30 mm. 

Ou’er diameter of stator laminations 

D,m0+2 (rf„+dc.)-250+2(29+3<J)-368 mm. 

, Rotor Design 
Air Gap 

Length of air gap if-«0 2+2 V DL** 0 2H-2V 0*25x0 14ot0 55 mm 
Diameter of rotor Dr**D— 2^»250—2 X0'55“2419 mm. 

Rotor Slots 

The number of rot ir slots is chosen such that sra >oth starting and accelerating con* 
ditioni are obtained. This is secured by adopting one slot less or one slot more, per pole 
pair. In the rotor than in the stator. 

Taking the rotor slot a pair o! poles more thau the stator si its. 

Number of rotor slots fp/2«*51+6/2 ®»57, 

and rotor slot pitch y«r—n X 248 9/57«»l3'7 mm. 


Current in each r .tor bar 


/>- 


2m* Kw T i 
Sr 


I» cos <f> 


2x3x096x252 
57 X 


2'iX0 86*=25U A. 


Assuming a current density of 5 A/mm* in the bars. 
Area of each bar a*"»250/5=*50 mm 1 . 

A rotor bar 5 mm wide and 10 mm deep is used. 
Are t of bar used u»«*10 x 5»50 inm*. 

The complete rotor slot is shown in Fig. 10 49. 

Ilia dimensions of rotor slot are : 


width IFtr~6 aim, depth d*r—13 mm. 


Before proceeding further, the flux density at the rant of the 
rotor teeth (where the teeth section is minimum) must be checked. 

Slot pitch at the root of teeth«*«(24.1*9—2 X i3)/57«*l2‘3 mm. 


Slot width at the root of teeth lFi—12 3—60—6*3 mm. 


Flux density at the root of teeth 


8*25 X10" 1 

(57/6) X Oil 7x6*3 X 10-* 


->li8Wb/m>. 



This is within limits an 1 therefore the mmf required for rotor teeth would not be 
excessive. 

The ban are skewed by one slot pitch. Extending the ban by about 20 nun beyond 
the core on each siie and taking 10 mm as increase in the length because of skewing. 

Length of each bar La* 140+2 X 20+10"* 190 mm—Q‘19 in. 

Resistance of each bar fa«M) r 02l X0i9/50«*8Q X MT* Q. 

Total copper lorn in ban-57 X 250* X80X 10^-285 W. 
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Esd Ring 

End ring current 




8,1% 57x250 


-755 A. 


or 


i* *xT 

Taking a current density of 5 A/tn*, area of each end ring—a,—755/5—151 nun** 
Using end ring of 15 X10 mm section,' 

depth of ring d«—15 mm and thickness of ring fc—10 mm. 

Area of ring provided o»—15 X10—150 mm 1 . 

The rings are brazed to bars as shown in Fig. 10*46. 

Mean diameter of ring D,a*209 mm—0*209 m. 

•*. Resistance of each end ring r,— 0*021 X 0*209/150—92 X10"*. 

Copper loss in two end rings—£X755*X92X 10^—105 W. 

Total rotor copper loss —285+105—390 W. 

tll t „ rotor copper loss * __ 390^ $ 

We have- ; . . . t - or , ihon ■ FT 

output 1—a 11000 1—• 

slip at full load r—3*4%. 

Rotor Core 


Depth of rotor core is taken equal to that of stator core. The area and the flux desk* 
sity in the rotor core are the same as for stator core. 

Depth of rotor core rf«r—30 mm. 

Inner diameter of rotor lamination—Dr —2dtr—2d*as 163 mm—0*163 m. 

The complete assembly drawing of the motor is shown In Fig. 10*50. 


No Load Gmveat 


Magnetising Current 

Hie mmf required for various parts of magnetic circuit are calculated below. 


(f) Air gap • 

For stator, ratio slot opening/gap length—3/0*55—5*45. 

Corresponding to this ratio, the Carter*! coefficient is 0‘63. (Fig. 4*9 page 124) 
Gap contraction factor for stator slots E#m— 14*5/14*5-0*65x3—1*15. 

For rotor, ratio slot opening/gap length—2/0*55—3*64. 

Corresponding to the ratio Carter's coefficient—0*51. 


13*7 

.*.* Gap contraction factor for rotor slots Jfnr— X 2 

.*, Gap contraction factor for dots Kin—1*15 X 1*03—1*242. ^ ^ , 

duct width 1& 

| gap length }X0*55 

Corresponding to this ratio, the value of K$g is found out from Fig. 4*9 by extrapolat¬ 
ing the curve for open skxi. We have JT«s—0*9. 


140 

Gap contraction factor for ducts In* m l'07, 

i\ Total gap contraction factor Jb«X*Xl«i—1*242X 1*07—1*33. 
Effect! vs length of air gap 1*33X0*55—0*732 am. „ 

Area of air gap ^^>0*131*0*14-16*35 Xl<r»®». 
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Pitt* density in air gap at 60* from hiterpolar axis 1 36X45-0612 Wb/m* 

Mml for air gap A27—800,000X0 8I2X 1*33 X 0 55—367 A. 

(U) Stator Tenth t 

Width of stator teeth at 1/3 height IVoot narrow ehd 

Area of atator teeth per pole it 1/3 height 

Ae-(54/6) X 0‘ 117 X 7 15 X 10"«-7 53 X I0"* m*. 

Flu* density s— *y ^^‘jfla| ** 1 Wb/m , . 

A B^o-1 36X1*095 Wb/m*. 

Gorreaponding to thia flu* density (tin-900 A/m. 

A Mmf required for itator teeth A fit—900x29 x 10”*—27 A. 

«ft> Stater Care t 

Area of Itator core Am— i$» X In—SOX 10 -1 x 0* 117—35 1 x I0“* m*. 

i lOAy fn-S 

Flu* density in itator tore ‘A* — x |q-» — i’17 Wb/m*. 

Corresponding to thia flux density ofe-280 A. 

Length of path through itator Core fa- "ff 5 ? . * 2 ^? 9 * 30 ) x l0“*-59x 10~ ; ' a. 

Mmf required for itator core ATm— 280 x 0 059—17 A. 

(it) Refer Teeth t 

Width of rotor teeth at | height from narrow end 

-6-6 75 mm. 

Area of rota teeth per pole—(57/6)XO*lI7X6'75x 10"*—7 5X10“* m*. 

8*25 X10"* 

Flux density in rotor teeth at | height 7 < 5 X iQ-i **>’1 Wb/m*. 

2»M M -rS6x ri-i 49 Wb/m*. 

Gorreaponding to thia flux density at*—900 A/m. . 

A Mmf required for rotor teeth AT*—900 XI3X10“*—12 A. 

(*) Refer Gere t 

Are* of rotor core Am— 3 51X10”* m*. 

Flux density in rotor core JEfa—1175 Wb/m* Mmf per meter at*—2fc0 A* 

Length of magnetic path in rotor core— “ *14 nun. 

Mmf re quir ed for rotor pore Afar—280X3*4 X KT*—9 A. 
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The remits are tabulated below t 



—4 47 A. 


Magnetising current per phase 

0-427 X 6 X 422 ... 

" 0 96X252 " M4/A * 

Loss Component. Mean width of stator teeth ««7 , 75 mm. 

Weight of stator teeth~54 X 19 X 10** X 7'75 x 10~» X 0 i 17 X 7*6 X 1C*-10 8 kg. 
Maximum flux density in teeth at 1 height 

*(«/2)Xl 095-1 72 Wb/m*. 

Corresponding to above, the specific iron loss is 11 W/kg. 

Iron loss in teeth 10'8 X11 120 W. 

Mean periphery of stator core d«)* 1*06 m. 

Weight of stator core -1 06 X30X I0“»x0*117x7 6x 10»*282 kg. 

Flux density in the core is 1*175 Wb/m* and the corresponding iron loss is 4*8 W/kg. 
Iron loss in stator core is 28'2 X 4‘8» 135 W and the total iron loss in teeth and cose is 


255 W. 


The actual iron loss is about 2 times the above loss. 

Total iron loss *510 W. 

Friction and windage loss * 1 % of output*" HOW. 
Total no load losses *5104* 110*620 W. 

Loss component of no load current per*phase 

hmm ^ —0*47 A 

11 3X440 047A> 

.*. No load current /•* V 4'47M-0'47 , *4'5 A. 

No load power factor cos ^#*0 47/4*47*01045. 
Phase angle of no toad current ^«*84°. 


Aotor BUt Ltaiag *: 

Prom Eqn. 4'72, for a parallel side slot, 

^ sit + +v^Vr + ^} 
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- 4 « x " ) -’ [7^+4f+TW+T> M3xl(r - 

Botor Slot Ltakagt ; 

*•'-*** l0r i 5&+-T+TT5T+ T-]“' 5 ’ 9x 1<r - 

V-15 9X10" 7 X ( -^~T^-13‘9X10“ T . 

1X9/ 


Total specific slot permeance 

JU-263X l<r+13*9X 10-*-40*2X 10“ 7 . 


Total slot leakage reactance «i«fiwx50x252 , x0*14x40*2x 10“ 7 /(6x 3)»2'5 0. 
Otxrhamg Ltahagt i 

Corresponding to fall pitch coils, £«*»! from Pig. 4‘58 page 170 


i * 4 kX 10" T X 1XO 131* 
HX145X10-* 


474 X10“ 7 . 


Overhang leakage reactance 

«*—8HX50X252 I X474X 10“ 7 /(6 X 3)—2i 0. 





. — 

*Tbe sle^k is loamed la V 

i 


0 

L 


4400W 1000W 

—...»... i.t-i..... 

ft 

Fi| 10*51. Circle digram. 
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Zigzag leakage : 

Magnetizing reactance X*—440/4 47—98‘4 Q 
Zigi'g leakage reactance 


where 


5 Xml 1 , 1 \ 

**"* 6 m* Vg«* V ) 

6 x 3* U* + 3 




rw u 


j»-54/(3x6)-3 and gr-57/(3x6)-3*16. 


Total leakage reactance referred to atat>r 

X.«2*5+2 1 + 192-6 52 0. 


Resistance 

Stator resistance per phase 

0 021X252X0 82 
" 3*08 


141 Q. 


Total stator copper loss —3 X11 *25* X1 '41—536 W. 
.*. Rotor resistance referreji te stator 


r/—4 m. JP,* 




-4 X3X252»X0*96* X 0*021 (•——-+1 
-135 Q. 


Total resistance referred to stator A—1*41+1*35—2'76 Q. 

Impedance 


Total impedance per phase A—\A>‘52 , +2 76*—7'1 Q. 
Short circuit current 

/«•—440/7'1—62 A. 


Short circuit power factor 

cos 4«-2*76/7*l-0*S89. 

Phase angle short circuit (blocked rotor) current 67*12 f . 


Lessee and Efficiency 

Output at full load— 11,000 W. 

Input at, lull load-11000+1546-12546 W. 
m Efficiency at full load 

|^>X 10 °- 87 ’6-87'l percent. 


Qrde Diagram 

The circle diagram is shown is Fig. 10*51 
Am Ais diagram, 

Adi toad power factor cos 4—oos 31*—0*857, 

Adi load stator phase current /*—OA 


0 209 \ 
6*X 150 ) 



m 
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Starting torque ^ BO ^ 

Pull load torque 

M,«i..aa.fc»|uc n„ r7toa 
full load toique Aft 

Stator Tampers:ure Rice 


maximum output ML 
full load output ” AL "" 


The cooling co-iffidents are talten with reference to Table 3 6. 
Outer cylindrical surface of stator core 

—it X 0*368 x 0*14—0 1G2 m*. 


Cooling co-efficient for outer surface—0 033. 

Loss dissipated from outer surface 

-0 162/0 033-4 92 W/"C. 
Inner cylindrical surface—"X0‘25x0i4—011 m*. 
Peripheral speed —" X0’25 X 16'6—13 m/s. 

Cooling coefficient for Inner surface , 

0 033 0 033 

" 1+0*1 V* " 1+01X13 


0 0143. 


Lon dissipated from inner stator surface 

-0*11/0*0143-7 68 W/°C. 

Area of end surface including ducts 

—(*/4) (0 368*—0 25 1 ) X (2+1)—0 223 m*. 

Air velocity in ducts —0*1 X13—1 3 m/s. 

Cool ng coefficient for ducts— 0*15/1*3—0*115. 

Loss dissipated from end surfaces and ducts 

-0 225/0*115-1*96 W/*C. 

.*. Total loss dissipation 

-492+768+1 96-14 56 wrc. 

Loss dissipated from slot portion of stator ' 

-510+5S6X2X014/0 12-693 W. 

.*. Temperature rise Ob—693/14*56—47*C. 

Hence, the temperature rise is within limits. 

Deeigss Problem 111 

Design a 110 bW, 3860 V, 8phene, 60 Bn, 600 apnehrmtmt r.p.m. elip ring fndintfen 
motor, ThefiUl load efficiency i» 09 and the pomr factor in 036. 


Meta Disoeoeloes 

Synchronous speed n»—600/10—10 r p.s. Number of poles—2 x 50/10—10. 
kVA input 0**Q-9 X og6 

Assuming £«—0*48 Wb/m*, ae—28,000 A/m and £«—0 955, 

Output co-efficient C«—11X0*95 X 0*48 X 28000X10**—141. 

/. Product l01*5xHr»nA < 
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For obtaining a good power factor and efficiency, ratio L/t—125 
or L-0'392 A and 0 392 Z* *101 5 X 10~» 

or D—0 637 and Z—0 53 m. 

The dimensions used are : 

X>—0*65 m, Z—Q'25 m, t— 0*204 m. 

Peripheral speed P«—nX 0*65X10—20*4 m/s. 

This is within limits. 

Providing 2 racial ventilating ducts each 10 mm wide. 

Net iron length—0 9(0 25 —2X10x 10“*)—Q'207 m. 

Sinter Design 
Winding 

The stator is connected in star. 

.*. Stator voltage per phase JJ»—3300/V3—19 i0 V. 

Flux per pole O*—0*48 X 0*204 X 0*25 —24*3 X10"* Wb. 

1910 


Turns per phase T*« 


4'4i X50X24‘5X 10"*X0 955 
Taking slots per pole per phase 3. 

.*. Total number of stator slots &— 3 X 3 X 10—90. 
Stator slot pitch y»»—nX0'65X 10*/9Q—22 7 mm 
Total stator conductors—6 X 363—2208. 

Conductors per slot £»«—2208/90at 24. 

.*. Stator conductors provided—90 X 24-2160. 

Stator turns per phase T«—2160/6—360. 

Modified flux density in air gap 

368 


-368* 


8m— 


360 


X0 48-0 491 Wb/m** 


Modified flux per pole 

Sm— 0*491 x 0*204 X025-25 X 1<T» Wb. 
Using a single layer concentric winding with push through coils. 
Pitch factor £»— 1. 

sin 60° 

Distribution factor 


Ki* 


fe- 0 ' 56 - 


3 sin 60 

Stator winding factor £w—i X0’96—0*96. 
Conductor Sine. Stator current per phase 

' 110X1000 


is— 


-25 A. 


3X1910X09XO-86 

Taking a cumnt density of l»—4 A/mm*. 

Area of stator conductor *—25/4—6*25 mm*. 

Taking a bare conductor 5 mm wide and 1*25 mm deep. 
Area of conductor *-5 X 1*25-6 25 mm*, 
f ifing 0*25 mm thick covering for the conductor, 
of insulated conductor are i 
depth—1*75 mm end width—S*3i 
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Slot Dimensions 


fLI CUBICAL MACHINE DESIGN 

Width: 

, 

- 

Insulated conductor 

1X55 

—5*5 mm. 

Slot insulation 

2X15 

—3 0 mm. 

Slack etc. 


—0*5 mm. 

Width of slot 


IF**—9*0 mm. 

Depth: 

Insulated conductor 

24X1*75 

—42*0 mm. 

\ Slot insulation 

3X15 

—4‘5 mm. 

Wedge 


—3 0 mm. 

Lip 


—1 0 mm. 

Slack etc. 


—1*5 mm. 

Depth of slot 


d»»—52 mm. 




The slot is shosrn in Fig. 10 52. 

Check for flu* density. The minimum tooth section is at AA. 
Width of tojth at dd—x(650 +2 X •*'/90 —9«*14 mm 
,*. Flux density in teeth at Ad 

“ (90/10) X0 207 X 14X10"* “° 96 Wb / m * 


This is within limits 

Length of mean turn of stator 

Lm i.-2X0 25 +2 3X0-204 +0 24-1.2 m. 

Resistance of stator 

r*—0*021 X 360Xl 2/6 25-1*460. 

Total stator copper loss —3 X 25* X1 *46—2740 W. 

Stator core. Assume dux density in stator J?*»—J *3 Wb/m*. 

26 X10** 

Depth of stator core d«— gxO 2U7 x 13 «~46 mm. 

Outer diameter of stator laminations 

Do■*050+2 x52+2 X '6-846 mm. 


I—• —I 



Fig. 10*52. Stator slot. 
AU Dimensions 
in mm. 


ftalar Design 

JUr gap. Length of air gap 

If—0*2r+2VO 65X0’ 1-1*0 mm. 
Diameter of rotor Df—D—2tf—650—2 X1 —648 mm. 
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Rotor winding . Assume slots per pole per phase —4 

.*. Total rotor slots jSV— 3X4X10—120 
and rotor slot pitch /#r— it X 648/120—17 mm. 

Using a bar type winding with fall pitch coils.' There are 2 conductors per slot for 
the rotor. 

Pitch factor If*— 1. Distribution factor with jr—4 is 0 958. 

Rotor winding factor JT«r— 1 X 0*958—0 958. 

Rotor turns per phase 2V—4X10 X2/2— 40. 

Using star connection for the rotor, 

«« _i ^___ _ _ j tt _ TrKttr n 


Rotor voltage per phase at standstill — E, 

40X0*958 
™ 360 X 0*96 


X1910-212 V. 


191 5 A. 


Voltage between slip rings —V 3 x212—367 V. 

This is within the allowable limits. 

Conductor sine. Taking the rotor mmf to be 85 percent of stator mmf. 

_ , , 0-85 1'TtK*, 

Rotor current per phase ir—- tTK^t — 

0 83X25X360X0*96 
“ 40 X 0*958 Al 

Rotor current density $»■—5 A/mm*. 

Area of rotor conductor «r—191*5/5—38*3 mm*. 

The frequency in the rotor conductors is equal to the slip frequency which is very 
small and. therefore the eddy current losses in rotor conductors are insignificant even though 
•olid conductors are used. 

The dimensions of the rotor conductor are : 

depth—13 mm and width—3 mm. 

Area of rotor conductor used o»—13 X3—39 mm*. 

Slot dimensions. The rotor slot is shown in Fig. 10*53. 


Slot Depth: 

Conductors bare 

Conductor insulation 

Slot insulation 

Separator 

Wedge 

lip 

Slack etc. 


2x13 

4X0*5 

3X0*3 


—26*0 mm 
-2*0 mm 
—0*9 mm 
—2*0 mm 
—3*0 mm 
—10 mm 
—2*1 mm 


Depth 


37*Ojmm 
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m 



Slot Width s 




Conductor bare 

1X3 

—3*0 mm , 


Conductor insulation 

2X0*5 

—10 mm 


Slot insulation 

2X0*3 

—0*6 mm 


Slack 


—04 mm 



Width 

JF*r—5*0 mm 


Cheek for flux density 

Width of rotor tooth at the root 

-*(648-2 X 37)/J20~5-10 mai. 


Flux density at the root of rotor teeth 

_ 25X10-* _ 

"*(120/101x0 207x10X10-* 

-10 Wb/m*. 

This is within limits. 

Length of mean turn for rotor 

.Lnir— 2 XO‘25+2'3+0 204+0 24-1*2 m. 

Rotor resistance prr phase 

*-40x0021X1 2/39-0 0260. 

Rotor resistance referred to stator 

r/—0*026 X (360/40)*—2* 1 Q. 



Fig. 10*53. Rotor slot. 
All dimensions in am. 


Total rotor copper loss—3 X 191*5*X0*026—3860 W. 

Rotor core. Depth of rotor core is taken equal to that of stator core. 

d*—<!«•—46 mm. 

,‘i Inner diameter rotor of laminations 

—648—2 X37—2 X 46-482 mm. 

No Load Current 

Magnetising Current. Let us find out the mmf required for varfour parts of the 
magnetic circuit. 

(•) Air Gap 


For stator slots: 

Ratio (slot opening/gap length)—3/1— S 
Gap contraction factor for stator slots 


£ii*0'45. 




1.063. 


u 
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For ducts: 

lUtio (width of duct/i gap length —>20. 

Jfid«0*84 (the curve for open slots in Fig 4 9 page 124 is extrapolated to find tibia 
value). 

250 

.*. Gap contraction factor for ducts JT*s*» 25 j— ~ 7 x " i0 x0 8 4~ 


For rotor slots: 

Ratio (slot opening/gap length)*-2/1 —2 .*, 2Co»0 , 34. 


Gap contraction factot for rotor slots Kt»r~ ^ ^ —o ' 34 ~ x 3 


1-92. 


„ Total gap contraction factor jK#«* l*06SX i'07x 1'062» 1*21. 

Flux density in air gap at 60° from the pole axis 

&M-T36 1-36 X0-491-0 668 Wb/m». 

Mtnf required for air gap dT«*»800,000 X0*668 X 1*21 X1X l(T*“646 A. 

(it) Stator Teeth 

Width of stator teeth at | height from narrow end 

Wu lt X 52/3) -9^ 14*9 mm. 

Flux leniity at | height from narrow end 

25x10”* 

(90/l0)X0 20yx 14*9X 10“*" 09 Wb/ “** 

2?to«-r36x0*9-1*21 Wb/m* and ofe-300 A/m (See Fig. 4U page 120) 
Mmf required for stator teeth dSPi«—300X0'Q52*-J6 A. 

(«») Stator Gove 

Flux density in stator oore—1'3 Wh/m* and ols»"*400 A/m. 

Length of flux path in stator core X 10“*»84X 10“* m. 


Mmf required for stator core dfW fl| 400X84X 10“*«34 A. 

(It) *«tar Tooth 

Width of rotor teeth at) height from narrow end 

-5—10’65 mm. 

Ftw density in rotor teeth at| height from narrow end 

2*5x10”* 

* r » / *" )20/10XO*2oVx065Xl<r» “ 0 ‘ 954 Wb ^ mi * 
1*86 X0’945—128 Wb/m* and olt«—380 A/m. 
Mtaf required for rotor teeth dr«r-»S80x39X 1(T*—15 A. 

(t) Motor Gore 

Vhn density in rotor core So* 1 *3 Wb/ot^ and otw'ndOO A/m. 
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Length of magnetic path in rot os core l«e— *^9~46) _ ^ jQ-a^s^x |(ft 

.*. Mmf required for rotor core AT #—400 X 55 X 10“ a —2A, 

Total magnetising mmf 43 , w »646+16+34+15+22—733 A. 

Magnetising current per phaae /» — - ? —9 05 A. > 

Leu Coaipootat 

Weight of stator teeth—120»kg. A/ 

Maximum flux denaity at i heightta^/2)X0'9—1*41 Wb/m a 
Iron loai per kg—7*2 W (Fig. 4'28 page 148). 

Iron Ion in itator teeth—120 X 72—864 W. 

Weight of stator core—182 kg. 

Flux denaity in stator core—1*3 Wb/m a . Iron loss per kg—5’8 W. 

Iron loss in core— 182 X 5*8-1055 W. 

Total iron loss-1919 W. 

The actual iron loss in the built up laminations is assumed as 3760 W. 

Friction and windage loss is taken as 1 % of output-. 

Friction and windage loss— 1100 W. 

Stator copper loss at no load—SX9*05 a X 1*46—360 W. 

Total no load losses -3760+1100+360-5220 W. 

5220 

Lou component of no load current /i— g xi91 Q —0*91 A. 

No load current /.-V9 05 a +0 91 a -9i A. 

No load power factor cos 4s""0 - 91/9’l—0*1. 

Phase angle of no load current ^#—84° 18'. 

Short Circuit Current 

Leakage reactance 


For stator slots (see Fig. 10 52) 

hi-41*5, **,-475, *,-3. * 4 - 1 , W,m 9, 1F.-3. 

From Eqn. 472, 

{M- +i r + m + i) m * 4 x10 "- 

For rotor slots (see Fig. 10*53) 

*,-29; **,-32, *,-3. *4-1, W»—5 t W*-2, 

A--4.X.0T. [f^+T'+iff+l]- 49 ^ 0 "- 

v„-4.x ur X # ^^j-S7xi(r. 

A.-S6 4 X 10”*+37 X 10"»-73*4 XltT*. , 

Slotleakage reactance 

...a»/e*4£r) 

— e— J-- -S-^t. , . , 

TUICtuaeS BUCK. - ! 



itmm ram induction motor* 
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7«>*y lO” 4 

-8«X50x5l0*X0*25x£ 2 ~~~-9*54 Q 

For imr htmg : 

JT*—1 for full pitch ooila. * (See Fig. 4*58) 

UXo-4nx l(T»X ; ^~^~= i -7-34x IQ"’. (See Eqn. 4 84) 


Overhang leakage reactance 

*•—STexsoxseo^^xifrvooxS)—s*96 a. 

Magnetising reactance, .?«—£*//»—1910/9*05—211 CL 

Zigsag leakage reactance, jjJj* ( _ ^r + ) ( See Et I»- 11'10) 


5 211 

T x 


hi 1 ^ 

3» v S‘ + 4» / 


•3*4 Q. 


From Eqn. 10*47, 

harmonic leakage reactance m*!* (J£m+£ai) 

-211 (21*6+21 6)-10“ 4 -0*91 Q. 
The value of Kh» and JTAr is taken from Fig. 10*35 
Kka and Kkr are both equal to 21*6 X10“ 4 . 

Total leakage reactance of machine referred to stator, 

X,-9*54+3*96+3*4+0*9l-17*81 Q. 


Resistance 


Total resistance of machine referred to stator A—3*56 Q 
as r»—1*46 Q and r/—2*1 Q. 


Impedance 

Total impedance Zm**4 17 8l , +3"56*—18*15 Q. 

Short circuit (blocked rotor) current /#»—1910/18*15—105 A. 
Short circuit power factor cos 3*56/18*15—0*196. 

" ^w—78* 42'. 



Stator copper loss 
Rotor copper loss 
Iron losses 

Friction and windage losses 
Total losses at full load 
Output at lull load 
Input at fqll load 


-2740 W. 
-2860 W. 
-3760 W. 
-1100 W. 
-10460 W. 
-110,000 W. 
-120,460 W. 


Efficiency at foil load-}^^—91*3% less i%«90*8%. 


2880 


Slip at foil loar a-, l0 ,. 00+2860+1100 X100 " 2 * 5 ^ 


\ 




Fig. 10*54. Circle diagram. 
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Rotor current (referred to stator at full load) //—0'd—20'5 
Full load power factor cos ^»cos 31*30'—0‘853. 


Starting torqu e 
Full load torque 


BG 

AK 


-0 58. 


A. 


maximum torque PQ outpu t 

full load torque "‘AK "" ' full load output 

UNSOLVED PROBLEMS 



1. Determine the approximate diameter and length of the stator core, the number of stator elota 
and the number of conductors for a 11 kW. 400 V, 3 phase. 4 pole, 1425 r.p.m. delta connected induction 
motor. Adopts specific magnetic loading of 045 Wh/m* ends specific electric loading of 23,000 A/m. 
Assume tall load efficiency and power factor as 0*85 and 0*88 respectively. The ratio of core length to 
pole pitch is 1. The stator employs a double layer winding. 

[Ant. 0— O' 19 19 ; £—0- IS m; slots—36; conductors—1010] 

2. Find the values of diameter and length of stator core of a 7 5 IcW, 220 V, 5 1 Hz, 4 pole, 3 phase 
Induction motor for best power factor. Olven t specific magnetic loading—0-4 Wb/m* ; specific electric 
loading—22000 A/m; efficiency-0-86; and power factor-0'87. 

Also find the main dimensions if the ratio of core length to pole pitch is unity. 

[Am. 0-0*18 m; 1-0*12 m; 0-0* 172. m ; £-0*136 m] 


3. A 415 V, 3 phase, SO Hz, 6 pole delta connected induction motor has a specific magnetic loading 
of O'5 Wb/m* and a specific electric loading of 24000 A/m. The stator core diameter and length are 0 275 m 
and 0-15 m respectively Find the output of the machine if the full load efficiency and power tactor are 
0*88 and 0 89 respectively. ► 

Determine the number of stator slots, conductors per slot and the length of air gap. 

[Ana. 1 875 kW; dots 54; gap—0*6 mm] 


4 Determine the diameter of stator bore and core length of a 70 h.p, 415 V, 3-phase, 50 Hz star 
connected, 6 pole induction motor for which the specific electric and magnetic loadings are 32000 A/m and 
OSl Wb/m 1 respectively. Take tho efficiency as 90 per cent and power factor m 0*91. Assume pole pitch 
equal to core length. 


Bstimate the number of stator conductors required for a winding In which the conductors are 
connected in two parallel paths. Choose a suitable number of conductors per slot so that the dot loading 
does not exceed 750 ampere conductors. [Am. 0—0*35 m; £—0*1825 m; Z—756] 


5. A 5 h.p„ 440 V, 3 phase, 4 pole motor with 375 turns per phase in the stator hM the following 
design data: 

Rotor slots—30; rotor bar dM-8*5x6mm*; length of each bar-0* 125 m; end ring she-10x15 
mm*; mean diameter of end ring— 0-125 m. 

The bars and end rings are of copper for which the resistivity is 0*021 a/m and mm* at the working 
temperature. Calculate the rotor resistance referred to stator winding. [Am. 5*55 Q per phase] 

i Calculate the equivalent resistance of rotor per phase with respect to stator, the commit in eaah 
bar add end ring and the total rotor copper loss for a 415 V, 50 Hz, 4 pole, 3 phase induction motor having 
the following data : 

Stator: 

' Sots—48; conductors in each dot—35; current in each oonduetor-10 A. 


[Am. 1*49 Q per phase; 241*5 A; 1095 A; 323 W] 


m, area of each. bar—9-5 x 5-3 mm*; mean diametet of end ring 
Resistivity of copper is 0*02 A/m and mm*. 


Rotor: 

Sots—57; length of each bar-0‘12 
—0*2 m; area of each end ring—175 mqr. 
Foil load power tactor is 0-85. 


if, A 30 kW, 400 V, 50 Hz, 6 pole star connected dip ring induction motor has the follow!* dwfca 

: Stator cose diameter—0*4 m: effldencv-0‘9 ; power factor-0*8; fin per pois-12*4xlfr* Wb, 
of states slots (8) number of rotor dots (c) number of rotor conductors d) rotor 
and («) rotor slot dimensions. 


9 slots 
4 


Kgof nrenano tpi row* s«w — 


pair 

>ntuvsdas096. 



(din. («T34 (*>45(e) 270 (d) 34 m»'(A4J*l gS| 
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s. Calculate the magnetizing current of a 415 V, 4 po!o» 5 jrtuiio, 50 Os Induction motor having the 
following data: 

Stator slots~36; conductors per stator slot—3pT stator bore<-0* 13 m; stator core length«-0*13 m; 
effective gap length—1 nun. The winding is full piUn and the phase spread it 60*. Assume that iron has 
infinite permeability. {Ana. 4*64 A] 

9. A 150 h.p., 3 phase, 2000 V, 50 Hz, 10 pole star connected’Induction motor baa 3 slot* per pole 

pm phase on the stator. The flux per pole is 25 x 10~* Wb. The air gap area per pole is 48 x 10”* m* and 
the effective gap length is 1 mm. If the mmf for iron parts is to be 25 per cent of that required for single 
gap, calculate the magnetising current for the motor. [Ana. 181 A] 

10. Calculate the slot leakage peimeanceper metre of core length for an induction motor having slot 

of dimensions shown in Fig. 10-55. [Aus. 104-3 H/mJ 



Fig. 10*55. Dimensions of slot of Problem No 10. 

11. A6pole,7‘S h.p. motor has its maximum power factor of 0 81 at full load when its efficiency is 
85 per cent. Estimate the maximum power factor, the full load and the full load efficiency (a) tf the air 
gap length is reduced by 25 percent (8) if with the original air gap length the motor is wound with 4 poles. 

[Am. (a) 0 85,7-9 h.p., 0-86. (8) 0 865,12 75 hup., 090] 

12. A djpole, 10 h.p., 60 Hz motor has its maximum power factor of 0-83 at fall load, when Its 
efficiency is 85 percent. 

Estimate its maximum power factor, and full load output and efficiency if it is rewound for 40 Hz. 
(a) with 6 poles (6) with 4 poles. [Am. («) 0*83,6 4 h.p., 0*82, (8) 0-88,10-7 h.p. 0-88] 

13. An induction motor frame has a large number of stator slots and a squirrel cage rotor winding. 
The machine can be wound for various numbers of poles. The maximum flux density, the maximum current 
density, the supply frequency and the supply voltage are constant. 

(a) Show that the magnetizing volt-ampere required for the machine are independent of number of 

poles. 

(8) Show that the rated torque output available from the machine is inversely proportional to the 
number of pdas. 

(e) Show that the power conversion capability of machine is Inversely proportional to the number of 

poles. 

(d) If the power factor at rated load of a 4 pole machine b0*9 estimate the power factor at rated 
load If the machine is rewound for 8 poles. [Am. About 0*781 

14. The following data refer to a 75 kW, 50 Hz, 8 pole. 500 V, slip ring induction motor with 3 phase 
•tar connected stator winding: 


Turns per phats: stator 64; rotor 35. Resistance per phase: stator, 0*0630; rotor. 0-019O. _ 

turns per [**** : stator, 0*21; rotor 0*0i9Q. Magnetising current, 36 A per phase. Iron loss, 1300 W. 

Friction and windage toss, 750 W. Draw the circle diagram and deduce therefrom the fine current, e ffi cien cy, 
power feetor and afip at (a) foil load and (8) half load condition*. Find also (e) the maximum output 
andjdta pull out t orq ue . 

(Am. («) !04 A* 0*927,0-89,0*022; (8) 80 A,'*92,0*77,0*011 j (<d 210 W, SMQMm] 
IS. CalculatathssUpof a75kW, 500 V, 8 pole, 3 pham, star connected cfo* induction motor ftom 
tha following data i 

Stator winding slMis layer, 4 riots per pole px phase, 4 : conductors par riot. 8foter wtadtog} 
hers U mm dlimstsr xH&ma tong, end ritm ISxlSmo* eross ssettoo, 485aa mseo dtompti— 
fond sfoofency tod pjwer fiwtqr easy bs uksa m 0 U tad 0*8/ mptotlvelf. Uscbtatoal lossssutsTSO #. 
T rim r sri rt l v fty of ooppar aa 485 Q/a and mm*. (Am. 2*03 prang 
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Single Phase Induction Motors 


GENERAL INFORMATION AND 
CONSTRUCTIONAL DETAILS 

li‘I. Introduction There motors are In very wide use in industry, especially 
in the fractional kilowatt range. They are extensively used for electric drive for low 
power constant speed apparatus such as machine tools, domestic apparatus, and agricultu* 
ml machinery in circumstances where a three phase supply is not readily available. 
There is a large demand for single phase induction motors in sins ranging from a fraction 
of a kilowatt power up to about 3'7 k.W. Though these machines are useful for small 
outputs, they are not used for large powers as they suffer from many disadvantages and 
are never used in cases where three phase machines can be adopted. Chief among the 
disadvantages are (a) their output is only 50 per cent of the three phase motor, for a given 
frame size and temperature rise; {b) they have lower power factor and (e) lower efficiency 5 
and (d) these motors have no inherent starting torque, and some special devices have to be 
employed to make them self-starting. Air hough such devices arc entirely satisfactory they 
complicate the construction somewhat and make the motors more expensive than three phase 
motors of the same output. 

1I'2, Type* of motor*. As a single phase induction motor has no inherent 
starting torque and therefore rpecial means must be used to make it self-starting. The 
methods in wide use are : 


(4) Split phase starting. 

{(() Shaded pole starting, 

(lit) Repulsion motor starting. 


11*2'!, SpHt phase starting. Another winding, known as the starting winding 
or auxiliary winding, Is wound on the stator in addition to the running or the min 
winding The two windings are in spam quadrature. The fanning winding is supplied 
with currant displaced in time from the current in the running winding by as nearly 90* 
as possible. The requisite phase displacement between the currents m the running and 
starting windings is obtained by connecting a suitable impedance in aeries with one of 
them. If this impedance is a resistor, a “resistor phase split motor’- is obtained while 
if it Is a capacitor a “capacitor split phase motor" is obtained. With theee split phase 
motors, the starting winding is cut out of the circuit, usually by a centrifugal switch, after 
hi motor has picked up about 75 per cent of full load speed. In some motors, the capacitor 
is permanently left in the circuit. Such motors are known as "capacitor motors". 


UH S fcu d sdpnlo starting, Apart of the pole itishaded by aihortdrcofid 
tin*. Tbh results in a phase displacement of 20*to$0* between the fluxes in the 
shaded ana the un s be d e d portion of the peAt, The efficiency rfs«Attiini|pSMk 
low and therefore this method is suitable only for low output* usually below 00 watt, ■ 
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II 2 3. R«pulelon.motor etartlng. This arrangement is used when a high, starting 
torque ij desired. The rotor carries a commutator winding in place of an ordinary cage 
winding and is started as a repulsion motor. In the "repulsion start motor" the motor starts 
as a repulsion motor with a high starting torque and at a predetermined speed* a Centri¬ 
fugal device short circuits all the commutator segments making the winding equivalent to 
a cage winding and the motor continues to run su an induction motor. 

In the "repulsion induction motor" the rotor carries a commutator winding in 
addition to a cage winding. At starting the commutator winding predominates and there¬ 
fore a good starting torque is obtained. When running* the cage winding gives constant 
speed induction motor characteristics. 

Table 11*1 gives the starting characteristics of different types of motors. 

Table li*I, Starting Characterietice 


Type 

Rangt of output 
watt 

Starting eurrmt 
[ttmufiili 
ioad currant) 

Starting Tormn 
Mmuftdt 
load torque) 

Split Phase: 




Cspacltoi 

90 to 730 

4 to 6 

2 to 3*3 

Reds tor 

» 7*3 10 370 

3 to 7 

0*71 to 2'0 

Shaded pole 

0*37 to SO 

’ 1 to 1*3 

0*2 to 0*3 

Gapecitor 

90 to 3700 

2 to 6 

0*23 to .*3 

Repulsion start 

90 to 3^00 

2 to 3 

2 to 4 

Repulsion 




Induction 

370 to 3700 

3 to 4 

2 to 4 


, * t 

Note This chapter is devoted to the design of split phase «motors and therefore the 
construction and design features of resistance split phase and capacitance split phase motors 
only will be considered. 


11'3. ' Construction, The construction of single phase split phase induction 
motors is simitar to that of small three phase induction motors. There are many makes of 
split phase motors in the market and each differs from the others in details of construction. 
All of them* however, consist essentially of a stator with running and starting windings* a 
squirrel cage rotor* au automatic switch to disconnect the starting winding when the motor 
has picked up speed and a body and end shield to which these parts* and also the terminal 
box* b> Brings* etc. are fitted. 

II 3*1. Stator. The stator is made up of a block of laminations mounted is a cast 
iron or dia cast aluminium alloy frame. The stator has tapered slots with parallel sided 
teeth. The slots house the starting and running windings. 

II 3*2 Stator wiadiage. Single phase ir duedon motors are generally wound with 
concentric coils. 

Single phase motors have two distinct windings Each, is a single layer winding* 
withfh main winding being in the bottom of tfie s)otf. In 3-phase motors equal dof 
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/ 


m 


■pace ii devoted to all phase* but In tingle phase motors 
considerably more slot space i* given to main winding and 
lest to auxiliary winding. The most popular kinds of single 
phase windings are the concentric, progressive and skein. 


/am. 


(<) Concentric winding*. Concentric windings are so 
named because all the coils for a single pole have a common 
centre and different pitches for each individual coil the 
individual coils in the pole group are concentric coils of varying 
lines. Fig 1 i‘3 shows this type of winding. 

t ' 

(**) Progreatin* winding*. Progressive windings are a 
form of single layer diamond coil winding. Fig. ! 1*1 shows a 
simple form of this winding. 



(sis) Skein winding*. Skein winding is used for wind* Fif. 11*1. ProgreMivs 

ings employing small amounts of relatively small sine wire. In Winding, 

fractional horse power single phase motors skein winding is d mostly for 
auxiliary windings. The name skein is derived from the fact that the wire for a number 
of coils is originally 'wound in jne large coil resembling a skein of yarn in 

appearance. The entire skein is inserted and passed back and forth to form coils right in 
the stator. A simple form of this winding is illustrated in Fig. ) 12 where two steps 
involved in inserting the winding are shown. First the whole skein is inserted in slots 4 and 
9, and the skein pulled snugly agonist the front side oflaminations. The open end of skein 
extendi to the rear as shown in (£). Second, the skein is twisted as in (6), pulled back 
through the bore with the sides being 
inserted in slots 3 and 10. This brings 
the leads on the front side as desired. 

Of the three types of windings 
describe 1, the concentric winding is 
the most flexible and most widely us»d 
for single phase induction motors It 
allows the greatest choice of distribut- 
tions. It permits the designer to cont¬ 
rol the space harmonics in the mmf 
waves and thus prevents the resultant 
ill effects. It may be wound using 
form coils or it can be wound by 
machine. Concentric type is universal 
form of winding used for main wind¬ 
ing for all single phase motors. 






la) 


«•! 




Fif. 11*2. Skein Winding. 


t«> 


The next most popular formats the skein winding. This has the following 
advantages: 

(a) Coils are generally cheaper to wind and insert. 

Where skein winding is applicable and where hand-winding is used, skein winding 
ii probably the least expensive method available. 

(() it permits some freedom of choice of distribution. 

11-3*3. Kotor. The rotor consists of a block of slotted laminations mounted on a 
shaft. The slots form a series of tunnels when the rotor is assembled. The tunnels are filled 
with aluminium, poured in the molten state. The but, end riup and fan bfoifo SMtn one 
bnmrwrsmioni '•■■**»* In some motors, copper bars and copper end rings are used, the former 
M intothe latter. Th* rotor slots are shewed so that a quieter operation it 

nhtslnitl 
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113 4. Starting Switches. These switches are required to cut the auxiliary winding 
out of circuit when the motor has attained ab mt 75 percent of synchronous speed. Starting 
switches are centrifugally operated whenever possible. They may be magnetically 

r ated for such applications as Herman sealed refrigerators where switch contents inside 
refrigerant are not permissible, for mo*t implications, the centrifugal switch Is preferable 
over the magnetic switch because it is nit elf *cted by tbe line voltage, is more reliable and 
• Is less expensive 

11‘3 5. Electrolytic Capacitor, Modern capacitor start motors employ a.c. electro* 
lytic capacitors. An a.c. electrolytic capacitor is formed by winding two sheets of etched 
aluminium foil, separated by two layers of insulating paper, into a cylindrical shape. The 
unit is impregnated with an electrolyte, usually ethylene glycolol or a derivative. An anodic 
film Is later produced on each foil by electro-chemical means. 

The voltage rating of the capvcitor is not necessarily the same as that of the motor, 
it may be less, die same, or more depending upon how it is used. 

Motor starting capacitors are rated by manufacturers on the basis of twenty 3-second 
periods per hour or an equivalent duty cycle. Actually, the capacitor will be able to with¬ 
stand severe conditions. Power factor of electrolytic capacitors is generally of the order of 
fito.8 percent 

DESIGN 


114. Ontpnt Equation. The output Equation (Eqn. 8*18 page 457) for a.c. 
machines is 

kVA input Q*G$D*Ln* 

• ns r_9_ 


where Output co efficient 11 Kw B-aeX ,0“». ...(11*2) 

If rating of the machine is given In hone power, we have t 

/ ...111*3)' 

1) COS f 

end 2)S£«.±±2L^74£_ f ...(ti*4) 

1) COS i C% Mi / 

The range of full load efficiency and power factor i$ : 

Efficiency—It ranges from 50 percent for a 75 watt to 70 percent for a 750 wait 


Power factor—It ranges from 0*55 for a 75 watt to 0 65 for a 750 watt motor. 

The smaller values apply for lower rating mac!tines. . 

Table 1 1 2 gives the typical values of full load efficiency and power factor for 4 pole- 
•ingle phase induction motors. 

Table 1M Efficiency and power fbetor 
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The horsepower; speed, power factor and efficiency of a machine are specified. Ia 
order to find D*L we mutt evaluate the output co> efficient. The value of output co efficient 
depends upon the choice of specific electric and m agnetic loadings. 

1141. Choice of specific loadings. The usual valuer for Qteragt flux dtasfiy 
in th* air gap are : J3*«—0*35 to 0 55 Wb/m*. 

The usual values for specific ehctric loadirg are: 

flO»5000 to 15000 A/m. 

The values of product (C* i} cos 4) may be directly read off from Table I (*S. 


Table 11 3. Values of product C, ij cos 4 


v/attjr.p.s. 

3-6 

7-2 

12 

18 

C«gcos4 
(metric units) 

9-3 

12 

13-5 

18 


It'S. Main diaaenaiona. The product D*L U obtained from Hqn. 11 *4. 

This product is now to be split up into its components D and L. 

Core length is genet ally made equal to the pole pitch bur. the exact dimensions are 
governs.! by manufacturing conditions. The diameter is selected with reference to Tables 
10'4 and 10 5 (pages 631 and 63!) which give the frame sizes available in the market. 

116. Relative size of tingle phase and three phase motors 

Single phase moto^. 

Output co*eff.cient 0**11 K» Bn ae. 10~ a 

In a single phase motor, the winding is spread over 180* If all dots an considered to 
be wound with equal number of conductors. 

Distribution factor for a single phase winding 

_ tincr/2 sinn/2 2 

gr* u/2 -v 

Taking full pitch coils, Jf*"l. 

Winding factor for an infinitely distributed full pitch single phase winding k 

*•- 2 /*. 

9 

Output co-efficient 0 9 —l 1X —• Bn ae X10”*. 


Hence product 


D"2> 



11 X~ BnaeXUr* 
n 



'Output co-efficient 0§*11 X* Bn ecX 10”**. 
In n fcphase machine, the phase spread is 60*: 
Distribution factor fqr a 3-phase winding 


sinn/fi 3 
*/6 ™ n 


Taking fidl pitch coils, J>»1. 
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m 


.*. Winding factor for an infinitely distributed full pitch three phase winding is 

3 

Output coefficient C 9 ~ 11X — Bm» aeX 1(T*. 

ff 


Hence product -D*!/ 8 ” . .^ ^ . . . 

( H X—2?m<mX 10~* ju» 

Comparison Comparing a single phase machine and a three phase machine with 
simitar ratings and designed for the same specific loadings, 

D*L for three phase moto r 2/w 2 

&L for single phase motor 3 * 

Thus it is observed that product D*L for single phase motors is 50 percent greater than 
that for three phase motors. This is under the condition that aii the slots are wound. In 
other words, the output for a single phase machine is two-thirds of that for a three phase 
machine for the same if all the slots are wound in the former machine 

In practice,' only thirds of the slots are utilised for the running winding and 
the remaining slots are utilized for suiting winding. In this case the output with single 
phase is only 50 percent of the output with 3 phases for the same D X L (same frame size). 

117. Design of atator 

11*7*1. Running winding (nanin winding). 


The stator windings of single phase induction motors are concentric type. There are 
ususliy 3 or more coils per pole each having same or different number of turns. 

The arrangement for winding is governed largely by the necessity of minimising 
harmonic fluxes which may otherwise give rise to noise and un»ven accelerating torque. 
Such harmonics are produced gwing to noa-sinusoidal shape of mmf wave and from the 



presence of dots. Mmf wave harmonics can be reduced by utilising about 70 percent of 
the total slots for the running winding at this arrangement gives minimum low order harmo* 
aics. The remaining ibis (about 30 percent of total slots) are used for accomodating the 
starting winding. 


In a small (ingle phase motor may be desirable to reduce the harmonics still further 
by grading the winding i*.,. by having different number of bonductors in each dot thereby 
giving an mmf wave which nearly approaches a une wave. 
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The winding arrangement shown in Fig. 11 *S is for a stator with 9 slots per pole. 
There are four coils per pole: 

coil (1—9) — it spans 8 slots 

coil (2—8) — it spans 6 slots 

coil (3—7) — it spans 4 slots 

coil (4—8) — it spans 2 slots. 

The coils can be re-arranged as shown in Fig. 11 4. 

There are again 4 coils per pole ; 

coil (l -10) — it spans 9 slots 

coil (2—9) — it spans 7 slots 

coil (3—8) — it spans 5 slots 

coil (4—7) — it spans 3 slots. 

With this arrangement the number of turns in the outside coil (1 — 10) must be one 
half of the conductors in slot 1, the other half conductors belong to the outside coil of the 
adjacent pole. 

Suppose, for instance, that a motor with 9 slots per pole is to be wound aa shown fat 
Fig. 113. It is desired to have a sinusodial distribution. 

The turns required in each coil are found as follows: 

coil (4—6)—sin { coil span—sin (2/9)X90 # —0’3*2 

coil (3—7)— sin i coil span—sin (4/9)x90 # —0'643 

coil (2—8)—sin | coil span-sin (6/2)x90 # -0*866 

coil (I—9)—sin | coil span—sin (8/9)X90*—0'985 

’ _ _ * 

-2 836 


Percent turns per pole in coil (4-«)-(0342/2‘836)) X 100-12*10 
Percent turns per pole in coil (3— 7)—(Q’643/2‘836) X100—22'70 
Percent turns per pole in coil (2—8)—(0*866/2*83t>) X100—30*60 
Percent turns per pole in coil (l —9)—(0‘985/2*836) X 100—34*60 



Fig. 11*4. Concentric winding. 

The i mm« procedure can be wed for arrangement of Fig. li‘4 except in determining 
the base for percent turn calculations, one half the sine of 90° must be used for coil (l—10). 

coil (4—7) — sidL | coil span—sin (8/9) X 90* —0*500 

coil (8—8)—sin \ coil span-sin (5/9) X90* —0*766 

ceil (2—9)— sin i coil span—sin (7/9) X 90* -0*940 

coil (1 -10)-* «i» i coil span— l sin (9 /9) X90*—0*500 







Percent turns per pole in coil (4—7)—(0 5/2*7) X 100—18'5 
Percent turns per pole in coil (3 —8)—(0'766/2*7)x 100—28*3 
Percent turns per pole in coil (2—9)—(6*94/2*7) X 100—34 7 
Percent turns pjr pole in coil(l — 10)—(0‘5/2*7) x 100— 18’5 

Winding Distribution Fnetor 

The win iing distriouti jn tactor for concentric type single layer windings is a weighted 
mean pitch factor and is calculated by multiplying the pitch factor of each coil per pole 
group by the turns in the coil and dividing the sum of these produced by the total number 
of turns. For the winding shown in Fig. 1 i *3. 

Pitch factor for coil (4—6)—sin (2/9) X 90*■>0*312 
Pitch factor for coil (3—7)—sin (4/9) X 90*—0*643 
Pitch factor for coil (2-8)-sin (6/9)x90°-0 866 
Pitch factor for coil (1 -9)-sin (8/9)x90*-0*985 




Suppose turns in coil (4—6), coil (3—7), coil (2—8) and coil (I—9) are respectively 
a’i-»i 2V. 2W 
/, Winding factor 




034 2 r 4 -i+Q‘G43 zymoses r t .,+o*985 t,_. 
2V«+2V»+TVsHb 2»-s 


0-3 42 X12 1 +0*643 X22 7+0*866X30*6-fU*985 X34*6 

j—— 


■ntO’8. 


For usual winding distributions, the value ot K» will be between 0*75 to 0'85. 
11*7*2, Number of turns la ranaiog winding 


The number of turns in the running winding can bs calculated as below: 
Stator induced voltage £—4*44/ T* Kwm 
where 3V—number of turns in the running winding, 

£•■—winding factor for the running winding. 

.*. Number of turns in the running winding 


where 


Tmim 4‘44fZmKm 

flua/pole— BnX(m DLfp) 


...(11*5) 


The value of stator induced voltage Ml Is approximately equal to 95 percent of supply 
voltage F. The winding factor for the running winding can be assumed between 0*75 
to 0*85. 

The number of turns in series per pole for the main (running) winding 

Tpm—Tnlp -(11*6) 


II 7*3. Running winding eondnetors 


Current carried by each running winding conductor 

, hp.x746 

F q cos i (11*7] 

Area of running winding conductor «*—/«/!» ...(I | fi) 

where lb is the current density for running winding conducton in A/mm 1 . 

For op a type motors split phase, capacitor and repulifon start, the current density 
can usuaUy be 3 to 4 A/mm\ For «nelo#itI motors much lower vnhmc should ba - 


/ 
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Eownellevl con4acton are mod. The exact toe of conductor should be taken with 
reference to Table 177. 

U'7 4, Number of etator dote. A large number of dots reduces the leakagv\ 
reactance by reducing the slot and xigsag leakage. This meant that wc can take out more 
output from the given frame* and can have better overload capacity and somewhat better i < 
efficiency and power factor. A large number of stator slow also reduces troubles due to 
field harmonics, such as cusps and cogging. It also tends to reduce the intensity of magnetic 
noise increasing the pitch of the noise components. / 

However* as the number of slots is increased* the space factor for slots becomes poorer* 
so that there is always a practical upper limit to the number of stator slots* which in general* 
will depend upon the siae of the lamination. 

A small number of dots reduces the cost of winding and gives a better space factor. 
But vjry few dots would result in shallow and very wide slot* with excessive amount of 
copper in each. 

The number of stator dots per pole is usually between d to 12. Actually we should 
select such a lamination from Tables J0'4 and 10.5 so that not only wa get the proper 
values of D and £ but a suitable number of stator slots. For single phase induction motors* 
the only restriction would be that the number of stator slow should be dividble by the 
number of poles so that a balanced* regular winding can be used. The laminations given In 
Tables 10*4 and 10*5 are meant for both single and polyphase machines and therefore cur 
choice regarding the number of slots is restricted. 

II 7*S. Mae of stater alot. All the stator stow do not have the same number of 
conductors, and some contain both running winding and starting winding conductors. The 
starting winding conductor has a small cross sectional area* and iw effect upon the siae of 
the slot is small. Generally the running winding coil with the largest number of turns will 
determine the siae of the slot. For semi-enclosed slew, the insulation between core and coils 
.fa placed in the slot as slot lining. The slot liner is usually 0*5 to 0*4 mm thick. 

The ratio of the insulated conductor area to the slot area should never exceed 0'5. 
Actually this ratio should not exceed 0*35 if the winding process is to be made easy. The 
design of single phase motors* in this chapter* will be carried out by using e given Crane 
gin. We wtil have no hold on the slot size and we have only to see whether, the dot tin 
used in the lamination is more than the required. 

Suppose Z$ is the total number of conductors per slot and dg mm is the diameter of 
conductor. 

Area required for insulated conductors—£• X (se/4) dg a . 

Minimum skit area required—(1/05) Z»X (w/4) V ...(119) 

The dot am provided in the stamping is calculated by multiplying the meen width 
by the depth of the dot. 

The average slot width Wt <»>— ~ —Wtt 

where 

d»—d«|#l> of stator slot* IF*—width of stator tooth 
and A— number of stator slow. ...(1119) 

Area of each slot—lf«<M)Xdw 

The area given by Bqo. 11*10 should be more then the area given by Eqo, U*9. 
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tt*7*fi. Status' We should cheek the Bus density in the it*tor teeth in order. 

t*M* that it ia not exceisive. The stator tooth density Bt$ can generally be from. 1*4 to !'7 
.Wb/m*. if the low loaiea and noise are important or if the motor is totally encloaed, then 
lower densities should be used. For general purp»c machine! a flux density of 1*45 Wb/m* 
M taken while for high torque machines it may go up to 1 *8 Wb/m*. 

httodiig factor of 0 95 is taken. 

•\ Net iron length £t«0‘9S L. 

a 

Flux density in the stator teeth lh«— •••(!I'll) 

U*77. Stator core. The flux density in the atetor core should not exceed 1'5 
Wb/m*. Generally it lies between 0‘9 to 1 *4 W^m*. 

Flux Sa stator core t«**riu/2 ...(11*12) 

4> n 

Flux density in stator core £«•«» •••(! 1'13) 

where 4 m■■ depth of stator core. 

t he flux density shotdd alio be checked in rotor teeth and rotor core. The values 
of flax density in rotor should not exceed tfan permissible values which are the same as 
corresponding values for stator. A little higher values are permissible in rotor. 

iT7‘8. Length nf naenn tarn. The feajgth of mean turn for each of the coils per 
pole of n concentric winding 

xslots spanned+2 L ...(11*14) 

at 

118. Air gap length. The considerations for taking a particular air gap length 
areaame as for throe phase induction motori. The following empirical relation gives saris* 
factory values. 


„ . , 0*007 x rotor diameter 

Gap length - ^ /p "" " 


..(II 15) 


11*9. Design of Anton 

11)1, Nnmber nf rotor eleto. The number of rotor slots is so chosen that there 
Is no noise producing combinations. It has been found that a quiet-running motor will 
result if there are no harmonic fields, of stator and rotor slots, with numbers of poles differ* 
ing by less than 4. 

Harmonic poles due to slots«"»2 ^ J •••01*16) 

whan B is the number of slots. 

Tha number of statpr slots is usually fixed by Winding arrangement, number of poles 
ito. The number of rotor slots must, therefore, be adjusted to meat the above requirement. 
Many empirical rules have been suggested for choosing the best ratio of stator to rotor slots 
in order to give freedom from harmonic fields. 

For motors with nor* than 2 poles, quiet operation can generally be expected, when 
the number of rotor riots is divisible by the number of pairs of poles and when the number 
of rotor riots differs from the number of stator slots oy more than the number of poles. 

Another useful rule states that |he somber of rotor slots should be equal to tha 
number of stator riots plus twice the number of poles. There are many other combinations 
which might prove sattsfactmy, although the number of rotor slots is rarely more than 1*3 
tild e s the number of stator rims. 

The number of rotor riots most also be selected firom the point of view of megnetic 
loririnx and cusps, as explained on pages 815 to 619. 
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ll‘t'2. Area of rotor bin, The cage rotor winding may he either of ecppiw )nh« 
and end rings or of caat aluminium. Alio technical unwago lie with 'cigppsr but 
manufacture u cheaper with caat aluminium. Alto with can rotors, the joiota baiwawi ham 
and end rinp are eliminated. 

Total stator copper section for main winding ^>"*2 Tm e» earn* ...(U‘17) 


A high rotor resistance ii desirable fro® the standpoint of starting torque and entrant 
but leads to high slip and poor efficiency. The total rotor capper section a generally 0*5 to 
0*8 of total stator copper se^|^ 

Total cross-section of rotor bars At**8r a* -..(11*18) 

where a»"*arta of each tour, mm*. * 

Ratio ArJAm—0'5 to 0*8 for copper ...{(1*19) 

Since aluminium, generally used for this purpose, has a resistivity approximately 
twice that of copper, total bar area must be two times die area required for Copper. 

A Ar/Am^l to 1*6 for aluminium. >*.(11*20) 

IT9 3. Area of end ring 


End nng currant /«~ 


Sr It 


(£qn. 10*17 page 625) 


xXp 

Area of each end ring e«■"/«/!« 

Area of oach bar o* ■■/*/•» 

^ It Sr It Sr as it 
** h ItXp it TlXpit 


...(11*21) 

...(11*22) 

...( 11 * 23 ) 


where 


0*32 Jr Is 

— ~'X 

/•"■current in each bar««l* as 
8»« 8«*>current density in burs and end lings respectively. 

If we take ls»l#, 

. . 0 32 Jr 

mw of each end ring «»■--— 


(11*24) 


...(11*25) 


II94. Rotor reolotance. Choice of rotor resistance is very important factor in 
the design of single phase motors. It should be as low as possible to keep (town rotor copper' 
loss ana to high efficiency, high full load speed and minimum temperature rise. In 

the case of single phase motors there is an added advantage that the rotor resistance effects 
die maximum torque for a given flux and therefore a higher value of puli out torque is 
obtained with large value o? rotor resistance. 

Die value ot to tor resistance is dictated by starting torque requirements, 

the the requirement the higher die value of rotor resistance, to he used. A significant 
P^WHW ig the ratio rrmjXim Experience has shown that tor normal commercal fractional 
kilowatt machines, the value of rV/Xm is approximately: 

For split phase motors ...0*43 to 0 55 

For capacitor start motors ...0*45 to 0‘5 

where r**'-»rasistanoe at rotor referred to running windfe^ 

Xto»*leakaga rea ct ance of stator main winding plus rotor to terms af 
mmm$ winding. .. 
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The value of fm/Xim is usually lowar for the larger horse power ratings. These 
value* can be used as a guide in designing the ring or in choosing the best ring from a 
number of available designs. 

119 5. Rotor teeth. The rotor tooth and core densities might, from the standpoint 
of losses, be considerably higher than those for the stator bee "ye the rotor frequency at 
normal operating speed is very low. But if very nigh densities a taken a large magnetising 
current would result. This will give rise to poor power factor and therefore, these densities 
are taken only slightly higher than the corresponding stator densities. 


Flu* density in rotor teeth Btr- SrjpXlnX~Wtr — 

IP*—width of rotor teeth. 
11*9*6, Rotor core. Flu* density in rotor core 

n <&*• 

i»*r—; 


...(11*26) 


.(11*27) 


2 XLlXdtr 

where - d«r—depth of rotor core. 

OPERATING CHARACTERISTICS 

11*10. -Mmf for air gap. The flux produced by star* mmf passes through the 
following parts: 

(i) air gap («) stator teeth {Hi) stator core (tv) rotor teeth and (v) rotor core. 

Due to saturation in teeth, the flux density distribution curve is flat topped ar explain- 
on odxe 177. Therefore, the calculation of mmf should be based upon the 
valae of flu* density at 60° from the interpolar axis as far as gap and teeth are concerned. 

The value of flux density at 60* from interpolar axis is T57 times Bat for single phase 

JBm ...(11*28) 

The gap contraction factor can be calculated as explained in Art. 4 4*1 page 122. 

Mmf required for air gap Ar#*«-800,000 B§ W K 9 U ...(11*29) 

11*11 Saturation fhotor. The saturation factor, which Is the ratio of the total 
mmf required for the magnetic circuit to the mmf required for ai r ga p, is difficult to pm 
dewsmfoe from the d.c. magnetisation curves. The shape of megnetutag current wave is not 
because of tiie’non-linear nature of the magneti*at*on curve of tho oore material. 
JBy umofa.c. magnetisation curves the magnetlxation characteristics can be fhiriy accurately 

pffdetennined. 

For i ha je phase induction motors thf saturation factor will usually lie between the 

Us 1*1 ftorss. 

_ total WIW> ^ required for magnetic circuit iii’wtt 

Satruation father Ft m ^ml mqulwd for air gap 

—li to T35 for single phase induction motors. 

When the flux densities in teeth and core are low, the lower values should be used, 
tad when high higher, values should be used. 

11*12 In« loss. The iron loss in stator teeth and core Is fouad by eatoalating 
* their flu densities and weights. Tlw low per kg can be calculated uring the cams given in 
Chapter 4 

>trf ^ i^^*nfomtaieental fluency flux. The multiplying factor should be chided 
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from tests of motora of similar design. When teat data is not available, a value of 1 ‘75 to 
2‘2 may be used. 

11-13. ^ Friction and windage loss. The bearing friction and windage iota will 
depend upon the type of bearing to be used, whether bail bearing or sleeve bearing. For sleeve 
bearings and a speed 1500 rpm, it ii usually from 4 0 to 8 0% of the watt output. The high 
values apply to small motors below 180 W. 

■ Table 12*4 may be used for finding friction and windage loss. 


Table It 4. Friction and windage lose. 


1 

Stator outer diameter 
nun. 

Journal 

diameter 

mm. 

Lot 

W 

If 

r 

730 

r.p.m. 

1000 

r.p.m. 

1300 
r.p m. 

1 

Staff* Bsariegs 






120 

9*0 

06 

0*8 

1*2 

2*4 

135 

12*5 

04 

19 

2*3 

5*6 

130 

15 0 

28 

3*7 

5*3 

11*0 

190 

wo; 

4'8 

6-3 

• >* 

19.0 

Ball Beariegk 






190 

— 

3 

7 

11 

72 

230 

— 

7 

14 

29 

215 

230 

— 1 

22 

* 

62 

300 


11*14. Parameters 

1114*1. Hanning winding resistance. Resistance of running winding 

rm-0‘021 at 75*C (hot) ...(Ii‘S2) 

On 


■*0*017 TjL ~ S - at ?(TC (cold) ...(11*35) 

where L«i«>*length of mean turn of running winding, m 
a««*area of running winding conductor, mm 1 . 

11T4 2. Rotor resistance. Eon. 10.55 page 638 gives the value of rotor resistance 
referred to stator for a m phase stator. We can calculate the val j of rotor resiatance ref erred 
to Motor by putting uu**2 for tingle phase machines. 

From 10, rotor resistance referred to running winding 

+-| -£*«■] 

-« nsmf , [ *-=■-+ ^ 

The value of Kn» is obtained from Fig, !*..& page 699, 
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1114 3. Lwly rmfin a liwtort—i| fc n mbIih . 

1. Slot leakage reoc/aaes. "The windings of induction motors are concentric typo 
with different number of conductors in each slot. Suppose the number of conductors 

in different dot ore Z Xt Z%, Zt, .etc. Therefore, th re ore 2p groups of conductors of 

* SltSSl etc. conductors per dot. 

Hence the total stator dot leakage reactance 

»*-2u/r«M 

-2*/r2 a t +£s t +£» l +.J£A«x2p 


-4«/ff, , +f, l +f, , +.Jp/ix... ...(11*34) 

-4mf(ZK*m)'~ W7. ...(11-35) 

-ie«/<r.jro.)»4**‘ Cf - ...(irs6) 


where <7.—an arbitrary correction factor to befdetermined that permits the use of {T m K*m) 
in the equation. 

The value of Cm is obtained by equating Eqn. 11*34 with Eqn. 11 "35. 

W.h,v. 0 ..^W r ±g+-.»F» 


The eapmsion for Cm can be put in a more convenient form by noting that 

Z«(Zi+3|+Z|+.)2p 

and substituting this value of Z in Eqn. 11*37, 

C.- 


2. Rotor slot leakage nactanoe. It is seen from Eqn. U'36 that the slot leakage 
reactance is proportional to the specific slot permeance divided by the number of slots. 
Thus the rotor slot leakage reactance, in terms of the stator, may be obtained from this 
equation by substituting rotor specific permeance Air for stator slot specific permeance Am Cm 
and St for ft. 


<Si»+3.«+Z.»+.) ., 1 , 8, 

>z i +z,+b t + .>• x 4p 


...(11*38) 


Thus rotor slot leakage reactance in terms of stator 

I * 

. Total slot leakage reactance in terms of stator m—* m4* -mf 
-16 «/(?• Kwm) M ~( <7.Am4~*Am) 


.(11*39) 


.(H*40) 


3. Zigwag leahage-rMOtano*. Similarly we can write the equation for sigsag leakage 
reactance 

«,-16w/(2Wr«i)^j 4 A» ...(11*41) 

A«—specific permeance for dgsag leakage which can be taken from Eqn. 
4*92 page 170. 

4, OesfAeay loaiagt r sa o hmee . A simple empirkal formula far dm calculation of 
overhang leakage reactanoe Is: 

ISnfiTmKwmP ji jfej T C* average coil spaa in dots). ...(11*42) , 
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5. Skew leakage reactance. Skew leakage reactance it given by 

.»Ui'4S) 

wher 0.—rotor bar ikew angle expressed in radian ; 

— g r jp x (rotor si 4 pitches through which bars are skewed) .*.(11 *44) 

stator slot leakage factormO 95 ; 
and X»—magnetizing reactance. 

6. Magnetizing reactance. Magnetizing reactance 

X.-lfc,(r. Wnr fi&y. -am 

The symbols used for the above relations are : 

Tm— number of turns in the main winding; 

X««—winding factor for the main winding ; 

Ir—length of stator core, m ; 2>—diameter of stator c >re, m ; 
t— pole pilch, m ; I#—length of air gap, m ; 
d..—depth of stator slot, m; p—number of pales; 

A—number of stator slots ’, A—number of rotor slots; 

A..—specific stator slot permeance ; Air—specific rotor slot permeance; 

A,—specific permeance for zigzag leakage ; 

Xs-gap contraction factor; 

„ r . total mmf required for magnetic circuit 

mmf required for air gap 

7. Total leakage reactance. 

T< tal leakage reactance of the stator running (main) winding plus rotor in terms of 
running winding 

Xi»—#»+*«+*#«hw •••(11*46) 

Reactance of the stator running winding with secondary open i.«. open circuit 
reactance. 

X«—X«+XW2 -(11*47) 

The leakage flux factors Xr—...(11*46) 

and X<-V f <X m .-Xi.)/X«. ...(11*49) 

11*15. Running performance. 

The running characteristics are calculated by two methods. 

(0 Equivalent circuit for double revolving field theory. 

(If) Analytical method prepared by Veinott. 

1115*1. Equivalent circuit. The equivalent circuit for the double involving field 
theory for any slips is shown in Fig. 11*5. 

In the equivalent circuit, the resistance repmenthm rim - iron 1cm is omitted. Tim 
iron tom is lumped with the friction and windage loas. The act output is obtained by sub 
freeing iron phis friction and windage loss bum the gross output. 



Fig. 11S. Equivalent circuit for doule revolving field theory. 
For any slip a, the value of 1> and /» can be calculated. 


fYfli 

Forward torque —//*-£- synchronous watt 

Backward torque— -> synchronous watt 

_ . r m ~( J£ W \ . 

Gross motor* torque— -y “"{jjZV ]) synchronous watt 

Net motor torque—gross motor torque—iron, friction and windage loss 

Net output —(net motor torque)(l — a) watt 

(net motor torque)(l—#) 

--^4<> - hp * 

H IS S. VefaMtfs Method 

The calculations are done in the following steps. 


H.P.— 

Line voltage F 

Xtm 

Xm 


Voltage— 




Urm' 


Speed— 
rm' 

. (2rtm+rm') rm * 
r% -— 

JW«rmW/Xe« 

J4—2 /• fr^ 4 

/.-(/* rm'lKi 
/,-[(/« r m ')K.f rm 1 

j%-rxi 

* t -<PZi)*r/» 


Fi- 

Oorelms 


...(irso) 

4 

..( 11 * 51 ) 

..( 11 * 52 ) 

>..( 11 * 15 ) 

..( 11 * 54 ) 
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*1. e—t.p.m./$ r.p.tn. 
*2. e* 

*3. (1—«•) 

•4. (1 -+)r'm 
•5. F t 

*o. l7-(4)+(5) 

•7 

•8. F % 

•9. IF—(7)—(8) 

*10. Vff'+W 8 ' 

11. (i-c*)J 

12. X. 

IS. !T«(ll)-{i2) 


14. F 9 U 

15. ff-(18)+<14) 
16 4n*+Ff 

17. Ji-(16)/(10) 

18. (I-*)/, 

18. Vubp+w 

tO. /.-(19)/( 0) 

21. *F % 

22. /.-<2J)/(10) 

*23. (1-W 


*24. F t mi 

•25. (23)—(24) - 

26. Primary copper Ion —Ifrm 

27. Secondary copper Ion (m) —If rm 

28. Secondary copper lon'(a) —Ifrm 


29. Core Ion (m) 


core Ion 
2 


*30. (25)X*2)/(10)» 

31. lnpttt»(26)+(27)+(28)-f(29)-)-(30)-> 
•52. ^|^ 2+(Pand W Ion) ■ 

•33. Output ■■(30)—(32) - 

*34. RJP.M. —ex# rp.m. “ 


•H. Twin — N “ “ 


M. WltlnivHMWM) 
S7. P ow er f«ctor«-(31)/XJ| 
38. P ercen t fcH load 
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1116. PalLovt torque, The meed 
at pull out torque can be determined from 
the curve given in Fig. 1! '6. Thu value of 
•peed may be used to calculate the value of 
maximum torque. The calculation of puil 
out torque can be done by either of the 
above two methods. 

An empirical formula for the pull out 
■torque of a single phase induction motor has 
been developed by C.G. Veinott. It is simple 
and easy to use, and the results are usually 
conservative: this is, more often than not the i 
by the equation. The equation is : 



Fig. 11*6. Speed for pull out toique. 
develop] slightly more torque than given 


where 


Pull out torque 







Kr Nm 


...(11 55) 


STARTING (AUXILIARY) WINDING 

V , 1 ?* p**lgn of etartiag windbag for split phmee sssotora. After a satisfactory 
mainwinding has been designed, the next step is to design a suitable starting or auxiliary 
winding. In order that the Starting winding can produce a revolving field the flux set up 
by it must be out of phase with flux set up by the main winding. The number of turns of 
the main winding must satisfy the requirements of the core and the size of conductor 
requirements of the load. This means that the reactance of main winding is high and its 
resistance » low.' The starting winding must have parameters just the revcne of those of 

main winding if the flux* it produces, is to be appreciably out of phase with that produced 
by main winding. 

It is essential to design the best possible starting winding for the main winding and 
rotor already designed. For any giwn main winding, there are almost an unlimited number 
ol possible starting windings. Tha problem now is to determine which one of these is 
the best possible so far as meeting the specifications is concerned. Fortunately, it is not 
necessary to try every possible starting winding blindly, for a number of equations and 
procedures have been developed to assist the designers in finding die one nest suited to 
fans requirements. . 


With resistance split phase motois the required resistance is usually obtained by urine 
i small section wire-».#. about 25% of that of main winding. The current density at starting 
nay lie as high as 100 A/mm*. This is permissible as the winding is in service for 
2 {*“"***• phaae angle between the starting winding current and the line 
mltage should be about 0 4 of that for the main winding. 

12171. 


Let 




A»—total resistance in terms of main windii»g-r«»+r,w' .,.(11*56) 

Xu.-leakage teactanoo In terms of main winding 

a *""" l0 3todSf d r °* OT faBpe ^ IUK * iape^ance *t starting) in terms of main 

*•411*97) 
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9»—phase angle between applit;l voltage and current in the "min binding at 
atartingt 

-tan" 1 XimjZm (See Fig. IT) ...(11*39) 

Tin—series turns in the main winding, 

Kwm "*winding factor for the main winding, 

/•—serin turns in the starting (auxiliary) winding. 

Km* —winding factoT for the starting winding, 

Km ratio of effective starting winding turns to main winding turns 


( T*Km* \ 

-\TmKmm) 


I'm— resistance of starting winding, 

ft* —resistance of rotor in terms of starting winding, 

“(ifefe) rm ' =K ' rm ' 


-♦(11 ‘60) 


•(11*61) 


JZ«—total resistance in terms of starting winding—r»«4W —(11*62) 

-rw+jP tM» f •••(11*63) 

JCto—total leakage reactance in terms of starting winding— K* Xtm ...(11*64) 

Za—total locked rotor impedance (f.e., impedance at starting) in terms of starting 
winding 

-V *•»+/&.« ...(11*65) 

/m— current in the starting winding at starting—F/Z* ...(11*66) 

0—phase angle between applied voltage-and current in the starting winding at 
starting 

—tan" 1 XufR* ...(11*67) 

The starting torque is given by 


7»— ■— - —* rm ' Um U* sin «b-0 # ) 


...( 11 * 68 ) 


This equation does not take into account the effect of magnetizing current. P.H. 
Trickey gives the following multiplying factor to take this into account 

K, 

14 "(itm'IXm)* 

The value of Cr is usually equal to K. 

*, The starting torque is 

7W-—- (fly,-!.) 

gq t». 11*70 can be written as 

1 I* ^ Wn 0b cos ••—sin 0« cos #•] 

‘Mm Xu 


Cr* 


T,~ 


(11*69) 


..(11*70) 


2« 


1 a&Crfm' ^MrXto-MmXul 

y *r-*77 —' Ti n ? —J 


•.(lt*'/l) 


Assuming that the parameters of the main winding are fixed there are three variables 
la Bqn. 11*70 which are due to the starting winding |a., K, It* and #•. Since these three 
variobtei are partiaHy ttdqwndait and partiaMip interrelated a solution, that « once gives 
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the Optimum starting winding, is not self evident. Moreover, there are other conditions to 
be fulfilled like current density in the starting winding should not be too high, and pull-out 
torque should not be too low- 



* 

PI*. 1W. Fhasor diagram FI*. 118. Orcle diagram of reosUnes split phase desk phase 

fbrspUt'phase Induction induction motor and conditions for maxim um 

motor. starting torque. 


11 1*. QUwle diagnuae. A drde dlrgram is found to be most helpful in visualise 
log an approach to the problem of selection of a proper starting winding. 

Let tbe main winding parameters be fixed. Assume an arbitrary number of turns 
for darting winding, this fixes the value of K and X<«, the reactance of tha starting winding. 
Now suppose the total resistance of starting winding Is varied by varying the resistance of 
the starting winding. The locus of starting winding current {"•AG) Is a semi-circle on 
AB (—F/Xu) as the diameter (See Fig. 11 8). The total starting current /• is the phases 1 
sum of It m and In and follows die loros AOB. Since Im is constant, the starting torque is 
proportional to 

/«sin (*.-0.). (See Eqo. 11*70) 

. From the geometry of the Fig. 11*8, we find that 
CK-U sin (t»-6.). 

Thus OK is proportional to starting torque for assumed conditions (as aU other terms 
in Eqn. 11*70, are constant). 

11191. Maximuss starting torque. It ii clear from above diet die maximum 
torque that can be obtained by varying £• and keeping all other parameter* fixed occur* 
wheo CK Is maximum In length. On inspection, it can be seen that this condition is fblfiBed 
by point D, where D is midway between A end 0 on the arc. 

This means 42MD0 end AX'—OK*. 

It can be shown that 

Hence cot l»yc:f^ p» ' 


Bm±Bm 


Jfc-ft- xWrt***-** <&+*»> 


..{ill® 


too 


man tarn wmam uatou 

Thai the remittance of starting winding to satisfy £qn. 11*72 should be 

Therefore, we can calculate the value of conductor aectioa to give the above 
resistance. 

Starting winding locked rotor impedance 

2.-+*")]■TO* 

-&42Zm(Bm+Z.) 

V V 

Starting winding locked rotor current jjr- ~K*j2Z^(£Z+liS 

Total locked rotor cutrent for both windings is parallel i.s. total starting current is 
_ Imi^+Z,) 

u z. 

Therefore, for a given number of turns of the starting winding, thetorqueand current 
can thus be calculated for a winding giving maximum torque. Curve* have been given by 
Lloyd and Karr, which assist thh procedure. 

U-18'2 torque per ampere. An alternative criterion for starting 

condition obviously occurs when the line 00 

is tangent to the femicircle. In Fig. 11 ». v 
i i actually this point. Point F isi the centre 
of the semicircle and triangle OCF is right 
angled at 0 . 

Now 

V~OC'-OF*-CF'~OF*-AF* 
mmOA*+AF *+2 OA AF .in 

V Xim 

-l-'+U- 7T* & 

•*lm (l +X| m/Xu) 

(7.//i)*-(l+XW^».) 

_ Xlm 

Z '1 

From Eqni H‘75, 

/ f &)/2« 

Zn+Z, V 



or 


Hence 


(n*7«) 


or 


From Eqn. 11*78 and 1177 ■ 

ft,- &» ..()) 78) 

Bon, 11*78 give* the value of total starting winding resbtanoe if the value of slatting. 
Igreactance is known. Usually, however, t%e known quantities are £m and Is. , 
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Eqn. 11*76 showi that —j*ZTf 

It can be derived that 

22 .- 

These are very useful equations. They completely specify a starting winding that 
gives maximum torque per ampere of starting current for a fixed value of main winding and 
a specified line current- Before adopting a starting winding from these equations, the 
current density in the winding should be checked for locked rotor conditions, as sometimes 
they may lend to a winding with too high a current demity. 

1 he maximum tor que per ampere winding r< <ults in less weight of copper and works 
the starting winding at a higher current density than the maximum torque winding. 
Practical win din :s are a compromise betw;cn the two favouring the maximum torque per 
ampere winding. 

1M9, B fign of starting winding for capacitor start motor. Improvements 
in capacitor design and construction are tending to make the capacitor split phase motor 
more effective than resistance split phase motor. This motor is a little more expensive but 
it gives a considerably higher starting torque and 3 lower storting currant. 

1'he design of starting winding for a capacitor start motor generally presents all the 
probl eras of detigoi- g such a winding for a split phase motor with additional problems caused 
by the use of capacitor in the circuit. As in the case of split phase motor, the design of main 
winding is fixed by running performance. Hence the pr. cedurc is to find the best possible 
combination of starting winding and capacitor to work in conjunction with the main 
winding. If this combination Is not good, it may he m cer&aiy to alter the main winding. 

In this discussion, we will consider the main winding as fixed and shall find out the 
best starting winding to go with it. 

\t* the design of starting winding, we will not only be concerned with the starting 
to que and current but a lot of attention will have to be paid to the size of capacitor 
and the voltage across it. Cost of capacitor deprnds upon its microfaiad rating and its 
voltage. Actual voltage across the capacitor may be in excess of the line voltage depending 
upon the design. 

Starting torque. From Eqn. 11*70, starting torque 

i m i ta sir 


Rm+Zm ih/Im ) 
(/.//•)*-1 


.(11*79) 


1 * KG r r ™' v ( Ra *«»-&» (Xi* ~Xc) _\ 

‘2k 7 V (Rn*+X lm *i{R a *+{Xi a -X.)-} ) 


~2k f T \ (R m '+Xi m *){R a *+{Xt*-X*)‘) ) •••(11*80) 

whcie JT«—reactance of the capacitor. 

11191. Capacitance for maximum torque. The value of capacitance to give maxi¬ 
mum starting torque can be found by method similar to 
that used in finding resistance for the resistance split ' 
phase motor. Fig. 11 *10 represents the circle diagram of 
a capacitor start motor. m 0A represents /«« the locked 
rotor current of main winding. Assuming a given 
total starting winding resistance R», the locus of start¬ 
ing winding locked rotor current is a circle on AB as a 
diameter where 

AB-F/22. 

The starting torque is maximum when the perpendi¬ 
cular from the circle on line OA is maximum I e , when 
/«* at is a point D such that DK passes through the centre 
tit the circle. This condition is represented in Fig. . 

11*10. _ 



From geometry of the figure : 0.—(90*—ft. 1/2 


1%. IMP. Onto dlsptm of pyrites 
start todoctioa motor andm#- 
tioolor amteamteraML 



kttOLB MAffi (MDllCTfON ktfOTOM 
alio 


*11 


But 


tan 9 -*v / (1- C o« 2 0.)/(l+co» 2®I) - VO ~»in 0W)/U+ein «*) 

-VOfc.-i-WA+iM-fc/W.+x^) 

tan 8 i»(Ji*“Ju)/S» 

X.-X<« iZ, 


& 


of 


X.-Xu4 


2«+Xi«» 


Zm+Xfo 


...(11*81) 


11*19*2, Capacitance for maximum torque per ampere. Referring to Fig. 11*11, 
the maximum torque per ampere cccun when CK/OC is a 
maximum, * when 00, the line starting current is 
tangent to the circle. Thus 

It > —0G % ""0F t —CF 1 
-OF*-AF* 

mmOA* + AF* +20A.AF cos 6 m -AF' 
m0A a +20A.AF coi 0. 


'-'"'-( jVX ' e ) 


*/.«■ 1 + 


or 


jRa* 


Rn 


.(l 1*82) 


(/,//,*)»-1 
Total starting current' 

y/Bt+iXi'-Xtf 

Substituting the value of /*/ l$ m in the above equation, we Have 

T|.~r.a ^ Bi~&> *\/ 

Rm 

From Eqn. 11*84 we can find the value of X«. 

We can write Eqn. 11*84 as 

X lM - r r - A-&» V 



torque per ampere. 


..(11*83) 


...(11*84) 


...(11*85) 


.(11 86 ) 


RmfR* 

From Eqn. 11*82, JB»/(/»//«i)*—1 

Subs tituting them values in Eqn. 11 *85, 

_ - Xto-ZnilJIm) 

Xi«—Xt»—— 

The above relations may be used for the design of starting winding. 

The site of capacitor normally required varies from 20 to 30 p> for motors Vpto 60 W 
and 60 to 100 pF for a 55 or 90 W motor. 

Deelga Problem. Denf* o 670 IF, *60 F. 60 4 &0* &**£" 

jiarf fniorifgn tntrf tr ThefM Ieode#Wewf fewer/baler Aeald tiel fte wee tten 0*66 
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ail 0 8$ mpjothitjf. fht Ho*ttnj hrfo i ribald h ebel 909 piresn! of foil loai torqos «eft! 
ttartinj ou"»*t ail wr 1/ 4* 7**i *•»!«/ ft ft it of opt* ipjts with fempsrefart rln of winUnpt 
not inn 40*0/or ooatinmmo oporoHon. 


Actual speed—1430 r.p.m. Nearest Synchronous speed—1500 r.p.m. 
Synchronous r.p.i m*1900/60*25. poles p—2 X 90/25*4. 

Watt output/r.p.s.*S70/25*l4*8. 

From Table 11*3, value of 0» ij cos ^—165. 

kW 


Product 


0*I« 


0*q cosdn» 


Taking £/t*l # we have £—0 785 D 

Thus 0*785 D»-O*807xU’4 

or D -0*1045 m-4il\ 


From Table 10’5 on page 8S2 the lamination siae 
selected is 80 B 41 of M/s Devldayel Stainless Steel 
Industries. 

The equivalent sise of M/s Guest Keen Williams 
is 161 M. The stamping is shown in Fig. 11*12. 

We bavy 

Stator bore ih-4'S**109 mm*0'109 m. 

.*. Length of core £*0*897 X 10**/(0* 109)* 



*0*075 m*75 mm. 

Foie pitch t*«X0*109/4*0*0855 to. Net iron length £s-0‘P5x0'075*0*0713 m. 
There are 36 stator slots. 


.*. Stator dot pitch gw** X 109/56*9*52 mm. 

Pirns pea pole 

Width of stator tooth lft.*0‘158**4 mm*4Xl0~* m. 

Taking a flu* density of 1*1 Wb/m 1 for stator teeth. 

Flua per pole 4t»*8ux density X area of teeth per pole*2hf X(&/p)x£<X lfi« 

*11X (86/4) X4 X 10ra*2*72 X I<T* Wb. 

Cheek 

Outer diameter of stator lamination 4fc*7i25**181 mm—0*18 j m 
Depth of stator slot d#»*0’75**19 tern 

n m m J 

Depth of stator core 4mm 


Flua density in stator core 


» «. 2*72 Xl<T* 

This Iswfthln limits. 


112 Wh/m*. 
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Stator Winding. The number of stator slots is 99 and the' dots per pole are 9. 
The winding arrangements is shown fat Pig. 11*19. The winding hstor Is ca tade t ed in 
Art. 11*9*1. 

Winding factor for main winding J£m—0*0, 

Induced emf -9-0*95 V-0‘£5X 2S6-219V. 

Number of serial turns in main winding 

V _* _ 219 M 

" 4 — 4 44 X0 8X50X2*7^ X 10“* 37, 


Turns in series per pole Ty*—457/4—114. 

The turns in each coil are : (Reference Fig, 1 1 *3 mm] Art. 11 '7 1 ) 
coil 4—6 -0*121x114-14 

coil 3—7 -0*027X114-26 

coil 2—8 -0*306X114-35 

coill— 9 -0*546x114-39 

.*. Total -114. 

.*. Turns in series per pole J'*»— 114. 

Total turns In series for main winding T«— 4x 114—456. 

The distribution of turns is shown in fig, 11*19. 

Conductor also. Current in the main winding 

0*37X10* 


/— 


- —4*07 A. 


230 x 0*65 X 0*02 
Assume a current density of 4*8 A/onm*. 

Area of main winding conductor—4*07/5—0*815 mm*. 

Referring to Table 17 8 the nearest sise is 19 SWO. 

Area of main winding conductor an—0*811 mm*. 

Diameter of bare conductor — i *02 mm. 

Enamelled conductors are used., fVom Table 17*9 addition to hurt conductor dial 
meter is 0 063 mm. 

.*. Diameter of insulated conductor—1 *024*0*063— 1 *083. 






The at&tbr slot is shown in Fig. 11 14 

The area of slqt«*0 189 square inch"* 121*5 mm*. 

The largest number of turns per coil is 39 and therefore the maximum number o 
main winding conductors in a slot is 39- 

Space occupied by 39 conductors«-39x(u/4)X{r083)*»36 mm*. 

Ratio of space occupied by conductors to total slot area*36/121*5"*0*296 
This is less than'the maximum allowable value of 0*5. 


Length of mean turn. From Eqn. 11*14, length of mean turn 

Lmi a* x s j ots S p anne d -f 2 L. 

Length of mean turn of coil 4-6* ~ - X l(T»X2+2 X75 X 10~* 

3o 

=*0-03 X2+G'15*0*21 m. 

Length < f mean turn of coil 3—7=p-Q3x4+0 15®«0‘27 m. 

Length of mean turn of toil 2—8=0 03 x6-f-0' 15=0*33 m. 

Length of mean turn of coil 9=0 03 X8+0'I5«*0*3P m. 

Length of mean turn of main winding 

r i^xO' f 1+26x0 27+35X0 33+39X0 39 


Rotor Design 


Length of air gap. From I5qn. 11* I *3, length of a+ gap 

. 0 007 x rotor diameter 

l §mt ---- 

V P 


0007X109 

2 


*0*38 mm. 


We take 1§ =0‘32 mm. 

Ratio diameter Dr** 109—2x0*32*108*36 mm. 

The details of rotor slot are shown in Fig. 11*15. 

Number of rotor slots. The rotor has 44 slots. 
This number is 8 (*.e» 2 p) more than the number of stator slots 
and this slot combination of <9**36 and Sr*»44 results in quiet 
operation for the machines. 

Rotor Bara, From Fig. 11*15, area of each rotor bar 

*»0'3 X 0*145**0*0435 square inch*28 mm*. 

Allowing for rounding of corners and clearances 

<*►=20 mm *. 

Total area of rotor Ar*=Sr aa*»44 X 20*»c80 mm*. 



J—04*^4 


Fit. 11*15. Rotor slot. 


Total area of conductors in main winding Am**2T m «*«2X 456x0*811 *740 mm* 

Ratio 4r/4o-830/740-l*l9 

Bad sings. From Eqn. 11*24, area of each end ring 

0*32 df 3* 0*32x880 ^ * 

■ c—4—" 70S 


U - 
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The end ring section is depth: d*— 10 mm, thickness t»—7 mm, 
and area a*—10x7—70 mm 1 . 

Outer diameter of ring £«r»—106 mm 
Iimer diameter of ring Dir<—106~2de—86 mm 
Mean diameter of ring £«—96 mm. 

Gap contraction factor. Stator slot opening IF#*—0*09'—2*29 mm. 

Ratio ,5. 

gap length 0 32 

From Fig. 4'9, Cartel’»co-efficient for semi-enclosed slots, 

Corresponding a ratio 6 02 is if*«—0*7 

9 52 

Gap contraction factor for sta'or slot! £#n— j ' x'} "** ^ 

Tbe rotor slot* are closed but their leakage permeance cannot be taken as infinite 
because of saturation. The rotor slots are considered to have an opening of 1 mm, 

or rotor slot opening fT«r»1 mm. 

slot opening 10 „ 

IU " 0 “ W 2" 3 13 ' 

Corresponding to ratio 2*63, Carter’s co-efficier t Kn —0*47 

- * . . «X 108 24 - 

Rotor slot pitch ytr«* ——-—7.73 mm. 


44 


0 773 


Gap contraction factor for rotor slots K§,r** 4 y x0 [ —! 065. 

Gap contraction factor Kt —1*2 X1 *065— 1 *28. 

Saturation factor. Saturation factor F§ is as turned as 1*15 as flux densities in iron 


parts have small values. 

Resistance of main winding. Resistance of main binding 

.456x0*321 
0 811 


r— (hot)— 0*021 X 


•3 06 fl at 75 # C 


tm (cold)—0*017X 45 ^.^y 2 - ! -2*5 Q at 20*C. 


Resistance «f rotor. The slots are skewed through one slot pitch i.t., through 

9*52 mm. _ 

/, Length of each bar £*— V (75)*+(9 52)**»75'6 mm. 

Ratio iWZW-M/106-0‘81 
From Fig. 10*83 page 639, Xf.nt—0'96. 

From Rqn. 11*33, resistance of rotor referred to main winding 

r»’-8J VXmfr [-£ir+~ 

-8x(456)*x(08>*x0-02lx (fl^-+^-X X0'96 ) 

-3*1 0 at 73 # C. 



REACTANCE! 


fm 


jmL 

0 021 


xS*l—2*5l Q at 20°C. 


lit I — iff rwiBtM M 

Tin sutor slot la shown in Fig. 11 ‘14. Referring to Fig. 4*46 on page 103 
0,-0*244' ; o,—0'822'; 6M)*4S6*; 

«—0*i22'; 4-0*031'; «-0*09'. 


Note; Portion e ii taken as tapered. 

Ratio 6/e,—0 436/0*322—1 ‘35 ; 

Ratio e 1 /a l *i0'244/0‘S22-0‘727. 

Corresponding to above ratios, value of F from Fig. 4*44 page 162 is F—08. 
From Eqn. 4*76 specific permnnce for stator slots 


-p, (o 


4 


F+-=-4 


2o 


r) 


8 + 


« * «+«, 

0 031 2X0‘122 

0 09 + i0*09 +0*244 


)* 


‘1 875 m* 


From Eqn 4*72 page 159 specific permeance for rotor slots 

*"“'•* [lW7 + 'K‘] 

r 03 nw -1 

L 3X0 145 + 1/25 4 J 1 /l,#l °* 


From Eqn. 11*38, 

Um (Z I +E,+E,+Z^ i X 4p 

(i4, a -M26)«+(35)»+(39)« 1 

“ (I14)» x (0*b)» 


X 


36 

4X4 


•0 96. 


From Eqn. 11*40, slot leakage reactance in terms of main winding 
*.«!&•/ T m * ,£*,* :Jr A»r ) C. 

m I6n X 50 X (456)* X (0‘8)* X -X4wX 10“* 




875 X-“X 1*78 
44 


) 


X 0*96-2‘8 O 


•: we have 
lt«*0*32<mm, y«»—9*52 mm 

IPm— 2 29 mip ; lfu-9 , 52.-? 29-7*23 mm 

7*73 mm ; FPw—1 mm; IFie—7*73—l*p*w6 73 

$|BmJBqti 4‘92,|tpecific permeance for aigxag leakage 

W» Wtr (Wtf+Wu*) 

-12<*y»»y» 
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M.X7 23x6‘7S<7-23»+6-72*) 

" 12 X 0*32 X 9*52* X 7 73 

From Eqn. 11*41, zigsag leakage reactance 

au«-l6«X30X(456)*X(0B) a X^^ x4*X 10‘ f x PAS—1<€S Q 

Overhang leakage reactance 

From Eqn. 11 ‘42, 

**■•16*/ Tm* Kmm* [«(D+4i»/ average coH apanj 

-16*x50x(456)«x(0*8) i x Wrt+lflfXtO^XS] 

- 0*52 a 

{We have, average coil span—(2+4-M>+8)/4—5 slots.) 


X»-16*/ Tm* Kwm* 


P* L ? 


10 kK t $F. 


—16wX50X(456) , X(0'8) , x 

-1440. 


Skew leakage reactance 

The ban are skewed through one state* slot pitch. 


Angle of skew >«— x 1 x -|£——0'35 radian. 

From Eqn. 11*43, skew leakage reactance 

**-X«i -^-Xi-144x-®~^-X0‘95-14Q. 

Total leakage reactance referred to main winding 
Xm-*.+«.+*.+m»-2*8-|-TfiS+0‘92+1*4-6‘75 Q. 
Ratio rrWXm-31/6‘75-0‘46. 

Open circuit reactance !«■*X»+X*»/2s; 147*4 O. 
Leakage factor X*—(Xaa“X*»)/X«»—0*953» 

K t ~4Tr -0*976. 


Gamine* 

Lohys steel of 0*5 mm thfctoan h used for the laminations. 

Weight of stator teeth 

-S6)(4Xj<r*Xl9Xl0r»x01>7lS)ty6xl0t»a| kg. 
Maximum flux density inftator teeth—(*/2)X l‘1—1*725 
From Fig 4-28 page 148, Jop per kg-11*0 W. 

Iron loss in stator teeth—1*5x11—16‘5 W. 

Mean dlatnetar of stator pr?*A-»4H) , i81-gOI7«^g4)|, 
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Weight of tutor core 

-n X 0 164 X 17 X 10“* X 0*0713 X 7*6 X 10»«4*73 Jtg. 

Flux density In core* 1*12 Wb/m*. 

Corresponding to the flux density in core, lost per kg—3*6 W. 

Total iron loss in core* 1*73X3*®—17*2 W. 

Total iron loss due to fundamental frequency flux* 11 + 17 2—28*2 W. 

Total core loss is about 2*2 times tbe above loss as the rotor has dosed slots owing to 
vhich there is considerable surface loss. 

Total core loss-2‘2 X 28*2-62 W. 

Friction and windage loee 

The friction and windage loss is assumed to be 15 W. 


performance calculations 

Motor constants (Velnott’s method) 


F—230 

J|—(2—Xi 1 ) rn. -3*25 

Xu—6*75 

Xs—(2fm+fn» # ) 0198 

X.«-147*4 

JW/.’r™’) ^ -01015 

fi»—3*06 

X 4 -2 In ff»'-9*68 

fiw'^3’1 

X,-(/rn rm') Xj—4*73 

Xt-0*976 

F.-(In rm' Ki) % r—'»69*5 

4™-— 0*454 

Xlm 

X,-F Xi—224 

X,-(FXi)« fn»'-155,000 

•S^-0 021 

. AM 

•r 

r,- ™ F l0 “ -0135 

/n—J— 1*56 

AMI 

Core loss—62 

/-fm'-4 84 

F and W loss—15 


•1 

e 

0*984 

0*83 

•2 

«■ 

0*968 

0*689 

•8 

I-e* 

0*032 

0*311 

•4 

(!—«•) rm' 

0*099 

0*965 

•5 

Ft 

3*250 

3*25 

*6 

0 r -(4)+<3) 

3*35 

4*1 

*7 

(1 — e*) Xu 

6*216 

2*1 

•8 


oita 

0*193 

*9 

w~(hr W 

ousts 

1*9 


SINGLE PIIASB INDUCTION MOTORS 


t 


*10 

yw+ir* 

335 

4‘54 

11 

(I —•«•) v 

7'35 


12 


o-i nr. 


13 

(11M12) 

“‘25 


14 

FJJ 

0*45 


15 

jV“(134-(l4) 

7'7 


16 

ViV r, + F* 

12 35 


17 

A—<16)/(10) 

3‘69 


IS 

(l-c»)F, 

7* •' 6 


19 

V(18)*+F,» 

8-53 


20 

7,-(19)/(10) 

2*56 


21 

cF t 

4*65 


22 

/,-(21)/(l0) 

1*39 


*23 

(l-e*)i« 

'4960 

48200 

•24 

F , 

69*5 

69*5 

•25 

(23)—(24) 

4‘"90’5 

4«l-0 

26 

Primary copper loss*=7, * r*« 

4I'S 


27 

, Secondary copper loss 

Tm 

20‘3 


28 

Secondary copper loss 

(#) = /|* frm 

6‘0 


29 

Core loss (mj—core loss/2 

31 


•30 

(25)X(2)/{10)« 

4? 2 

1610 

31 

Input« a (26)+(27)-|-(28) 

+ (29)+(30) 

52! 


*32 

Core lo ss/l+F and W loss 

46 

46 

*33 

Output-{30)~(32) 

376 

1564 

*34 

R.P.M.**eXs r.p.rn. 

1476 

1245 

*35 

Tocque«60/2itX (33/34) 

2'44 N-m 

12 N-m 

36 

Efficiency=(33 )/(3l) 

0*72 


37 

Power factor^SlJ/AVx 

0‘62 


38 

Per cent full load 

101 3 



or 


Poll oat (wrqti 

Ratio fr»7X*«-3*l/675»0'459. 

From Fig. il*6 ( the ipeed corresponding to pull out torque is 0 83 of s.r.p.in 
c-0'83 


The results corresponding to c ^ >i 

The pull out torque is 1. *\i-m wu 

„ .. puli out torque 

R * t, ° Ml'lMdtoTqir 


*•' *T« ..lit. 


12 

Y'44 


at 5, 



FLBCTKICAL MACBXN& OVUM 


Dwlfi of itartlai winding 

Aaaume JT-1'53 sod winding factor for starting winding lw aa 0 89. 

Number of turna in the alerting winding 

T*-K T m <W*«)-1*53 X455 <0*8/0*85)-656. 

The winding arrangement and diatribution for thia motor are ihown in Fig. li‘16. 

The number of turna per pole for atarting winding’3V«—656/4—164. 

For ainueoidal diatribution the turna per coil are calculated aa follows i 
•in (3/9) X 90*-0*500 
ain (5/9) X 90*-0*766 
ain (7/9) X 90*—0*940 
sin (9/9) X90*-1*000 

Total-3'206 

Turns in the four coils aft t 

(0*5/3‘206)X 164-26 
(0*766/3*206) X164-39 
(0*94/3*206)X 164-48 
(1*0/3*2 06)* 164-50 

Total—163 

Therefore, turns in series per pole F-—163. 

Number of turns in starting winding 
Fe—4X163—698. 

Winding factor for starting winding is, then 


Fig. 11*14. Winding dlatritetion. 

Using 22 SWG for the starting winding. 

Area of starting winding conductor a«—0*397 mm*. 

Length of mean turn of secondary winding is calculated below * 

X10"* X3+2x0*075 ] $6-8*4 

(0*61 X 5+2 X O*075lS9—1170 
(0*03X 7+2 X0*075]48—17*8 

f6"08-X9+2 )tOl)f5990h*f 109 



0*5 X 26+0*766 X 39+0*94 X 48+1*0 X 50 
--164 

—0*847. 

- - 652X0*847 ...» 

•• Rwm istx&r ml 52 - 
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Length of mean turn of starting winding £of«*>56*22/194ap0‘34 m. 

Resistance of starting winding ri»—0017X «9 65 fi at 2Q*C. 

For starting torque calculations the d.c. rotor resistance in terms of the main winding 
is increased by 20 per cent. Therefore, effective rotor resistance in terms of main winding 

rm'«l 2X2 51 *»3 0Q at 20*C. 

The total resistance in terms of main winding 

—2 3+S’0«*5 5 0 at 20°C. 

Rotor resistance in terms of starting winding 

r,rr»'-(I 52)* X3'0»0 i 5 Q at 20*C. . 

Total resistance in terms of starting winding 

fi a -r„+r„'«9 65+6'95-l6’6 0 at 20°C. 

Total leakage reactance in terms of starting winding 
Xi*-K*XimH I*32)*X 675-15*6 p. 

Ixicked impedance of main winding 

Zn-ViWMXtmP-Vi 5'5)*+(6'75F-8'7 Q. 

Locked rotor current in main winding /m"*230/8‘7*“26 5 A. 

Capacitive reactance required for maximum starting torque (Eqn. 11 *81). 

X ‘- X “+Wtt - ,5 ‘ 6+ -5TT^I “ 170S 0 


Capacity C» 


10 * 


>184 


2irX50x 17 03 
We select a capacitor of 100 pF capacity. 

10 # 


MF. 




•32 Q. 


X SOX 150 

Impedance of starting winding with capacitor in series 

Z.« V*«*+(X/. -*.)**■ l/(]6 6)H (156 - 32)«-25 6 ft. 
Locked rotor current in starting winding /»oa»230/25*6»8‘9fl A. 

Current density in starting winding-»8 , 9B/0'397«»1>2'6 A/mm 1 . 

i7 4*7 \ 

Locked rotor current for both windings in parallel ■ 

-26-5X A . 

This it below the maximum allowable limit of 27 A (given in the problem), 
From Eqn. 11*80, starting torque 


TV 


1 

2u 

1 


pCr 




-sr x4x<79KX,x .^n : 


Full load torque is 2*44 N>m. 
«... starting torque 7*9 

full look torque 2*44 


RtXrm-Sm (Xu-X.) 1 

(R. 1 ^ 1 ) {R/+(Jo-X.)»} J 

(230)* f 16 6*675«»S3tl5-6~ 32) 
7)* X (?5*6) 1 


> 


7 9 N-m. 


•3 24. 


This ratio is above the minimum requlreo^ent Of 300 per cent. 
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Synchronous Machines 


121 Type ol construction. A synchro on machine c cm hts of two major parts 
vis (0 J tmature and (it) field system The arrangement of fundamental parts of a 
synchro), us machine is showq in Fig. 12'1 (a). This construction is similar to the one used 
for H e ma hines wherein the armature winding is placed on the rotot and the field system 
is housed in the stationary stator. This type of construction is used only for low power 
synchrony machii.es and is unsuitable for medium and high power machines 

Th>‘s< cond type of construction used for synchronous machines is shown in Fig. 12 1 
(4). This tvpe of construction uses a stationary armature and a revolving field structure. 


L >ng experience in the construction and operation of synchronous machines has shown 
that m t economical and convenient construction is of the second typo wherein the 
field p iles, excited by d c supply, are arranged on the rotor while the armature winding 
is placed on the stato-. The usi of revolving field system is almost universal because it has 



Fig. 12*1. Types of synchronous machine construction. 


the following advantages: 

(») It permits the use of a stationary armature on which the windings can be easily 
braced (mechanic dly reinforced) and insulated for high voltages. 

(ti) Thu operation of slip rings on account of their sliding contacts is unreliable with 
laws currents at high potential differences. The-use of dip rings carrying large currents at 
high vol'agrs is, therefore, avoided in the stationer armature construction. However, two 
dip rings are required for d.c. excitation hut ther.is no trouble owing to small excitational 
power involved. Henceforth when ver we refer to a synchronous machine, it is Implied 
that It is a stationary armature, revolving pole machine unless specified otherwise. 




SYNCHRONOUS IIACH1NBS 

The synchronous machines may be classified as (i) salient pole machines and {»'» 
cylindrical rotor machines defending upon the type of construction used for the rotor. 

Salient pole machines have salfent, or projecting poles with concentrated field 
windings as shown in Fig. 12'l (6). The salient pole construction is used for generator! 
driven by hydraulic turbine since these turbines operate at relatively luw speeds and a relati¬ 
vely large number of poles are required to produce the desired frequency ; the salient pelf 
construction is b tter adopted mechanically to this situation. Cylindrical rotor machine! 
have their field winding distributed in slots as sho#u in Fig 12*18. The distributed field 
winding produces a sinusoidal flux distribution in the air gap. Cylindrical rotor construction 
is used f >r turbo-altermtors which are driven by high speed ?team or gas turbines. 

12 2 Types of synchronous machines Synchronous machines operating on 
general power supply networks may be divided inio the following categories 

1. Hyd ro.generators The synchronous generators driven by water turbines are 
known as hydro generator « or water wheel generators They have ratings upto 750 MW and 
are driven at speeds ranging from 100 to 1000 rpm. 

2. Turbo-alternators. They are driven by steam turbines. Since the efficiency 
of steam turbines is high at large speeds, the turbo-alternators are 'designed for speeds upto 
3000 rpm Tnrbo-alternators have ratings upto 1000 MW. 

3 Engine driven generators. These generators are driven by different forms of 
internal combustion engines at speeds upto 1500 rpm and ratings upto 20 MW. Generators 
driven by gas turbines have higher speeds and also higher power ratings. 

‘4. Motors. Synchronous motors may be either plain synchronous machines or 
synchronous induction machines. The plain synchronous machine with salient poles is 
commonly used. Synchronous motors have some definite advantages over induction motors and 
these include constant speed operation, power factor control and high operating efficiency. 
Also synchronous motors prove to be cheaper than induction motors for high power low 
speed applications. The applications of synchronous machines include constant speed drives 
for compressors, blowers, fans, low head pumps. 

5. Compensators, Synchronous compensators are used for control of reactive power 
in power supply networks. They are designed for ratings upto 100 MV Ar and speeds upto 
3000 rpm. 

12 3 Prime movers for synchronous generators. The type of construction 
used for synchronous generators depends upon the type of prime mover. The following 
types of prime movers, are ured : 

(<) Steam turbines «») Hydraulic turbines 

(Hi) Diesel engines. 

(1) Steam Turbines 

Hie efficiency of steam turbines is high at large speeds and therefore synchronous 
machines driven by steam turbines are high speed machines. The synchronous generators 
driven by steam turbines are known as “Turbo-alternators”. The maximum speed of turbo- 
alternators is 3000 rpm corresponding to 2 poles and 50 Hi. Sadi high speeds cal] for a 
boriaontal shaft for the machines which have to be designed for lower values of armature 
diameter in order to limit the centrifugal forces which have a profound influence on foe 
design. 
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The peripheral speed of a machine is given by ?•*■*£» m/s 
where ' D*»diameter of rotor m ; and ss-speed of rotor, r,p.s. 

Since the peripheral speed increases in direct proportion to diameter and with increase 
in diameter the centrifugal forces increase, the diameter of the rotor has to kept low. The 
high speed of the rotor limits the diameter of the 2 pole machine to about 1 2 m giving a 
peripheral speed oi about 175 m/s. Cylindrical rotor construction has to be used as the 
salient poles are impracticable owing to large mechanical forces. 

The 2 pole construction with a speed of 3000 rpm for 50 Hz is usually used for turbo* 
alternators. The four pole construction with a speed of 1500 rpm is now obsolete. 

(ft) Hydraulic Turbines 

The synchronous generators driven by water turbines are lcnown as water wheel 

S enerators. The hydraulic turbines are of different types. The typi of turbine to be used 
epends upon the water head available. If the water head is high, the speed of the turbine 
is nigh and therefore a pelton wheel Is used. While for low heads, Francis or Kaplan 
turbines are used. The use of hydraulic turbines at various heads is listed below : 

Water heads 400 m and above—Pelton wheel 
Water heads upon 380 m —Francis turbine 
Water heads upto 50 m —Kaplan turbine. 

As the water heads are not high, the speed of the turbine is low and usually varies 
from 50 to 500 rpm. Therefore for synchronous machines coupled to hydraulic turbines, 
salient poles (poles which project out) are used. The number of poles of water wheel 
generators is 12 upward. 

The machines driven by pelton wheels can either be vertical or horizontal shaft type. 
The use of horizontal shaft being more common But high power, low speed synchronous 
getaerators installed in 1 .w head hydro-electric plants (coupled with either Francis or Kaplan 
turbines) are built with a vertical shaft, coupled by a flange to the shaft, of the turbine placed 
under the generator. 

There are two fundamental types of vertical shaft water wheel generators: 

(a) the suspended type in which the thrust bearing is arranged in the upper spider 
or bracket above the alternator rotor; 

(3) the umbrella type in which the bearing is mounted on the lower spider on the 
turbine cover. 

Now adays the large siae generators are built with umbrella type of construction to 
reduce generator weight add height r i the power station building. This is explained by 
the fact that when we use the bearing in the upper spider, it has to be made bigger in size 
in order to withstand the generator and turbine load and also the water reaction. This 
increase in dimensions of upper spider increases the generator weight and also the height of 
the building. 

(m) Diesel Kagfaea; 

They are used as prime movers for synchronous generators of small ratings. The diesel 
ogines are manufactured as horizontal type and therefore both the diesel engine end the 
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synchronous generator are mounted horixontally and are connected by a horizontal shaft. 
The diesel engines are slow speed machines and therefore Salient pole type of construction 
Is used for alternators coupled to them. The torque of the diesel engines is not uniform and 
this makes the synchronous generator sensitive to torque variations 

12*4. Rwe-away Speed. The run-aimy tpttd is defined as the s|.eed which the 
prime mov< r would have, if it is suddenly unloaded when working at it* rated load. When 
the prime mover is working at full load it receives its feed (water, steam or diesel) correspon¬ 
ding to full load conditions and therefore when it is suddenly unloaded it tries to race. This 
is because there is no load on the prime mover while it is receiving its input corresponding 
to full load- Steam turbines are equipped with a quick acting overspeed govern* r set to 
trip at IT times the rated speed and therefore the operation of the governcr is reliable. 
Thus the synchronous machines driven by steam turbines may be designed for oniy 1 29 
times the rated speed. However in water turbines, following are the values of runaway 
speeds with full gate operating ; 

Felton wheel ~1*8 times rated speed 

Francis turbine —2 to 2*2 times rated speed 

Kaplan turbine —2*5 to 2 8 times rated speed. 


Therefore there is a great difference of peripheral speed at normal speeds and run¬ 
away speeds in the case of water turbines. The salient pile machines are thus designed to 
withstand mechanical stresses encountered at run-away speeds. The maximum peripheral 
speed for which salient pole machines are designed is about 140 m/s while turbo-alternators 
are designed for a maximum peripheral speed of about 179 m/s. 

12 5. Construction of Hydro-geaeratore. The constructional features of hydro* 
generators are basically dependent upon the mechanical considerations which depend upon 
the speed of the machine. The hydro-generators are low speed machines, the speed 
depending upon the available head and the type of turbine used. The low speed demands 
a multi-polar construction and consequently a large diameter which may present transport 
problems. Therefore, the design should be such mat it permits the machine to transported 
to the site in sections. The turbine governing, or the transient stability of the network to 
wnich the generator is connected is dependent upon the total inertia of turbine and the 
generator. Most of inertia is provided by the generator. The rotor, therefore, must be 
designed to give the requisite inertia 


It is a normal practice to design the rotor to withstand centrifugal stresses produced 
at twice the normal operating speed. Also, the design of the rotor it such that the over* 
spec! due to run-away is not near the first critical speed. 


I2*S*I. Stator Gore, The stator core is built up of laminations in order to reduce 
eddy current iron lost. The loss in the laminated core is usually the largest tingle loss in a 
hydrogenerator and therefore the design of stator core particularly. the choice of type and 
grade of steel is of utmost importance. Earlier, laminations of hot rolled steel were wad. 
Them laminations had many imperfections, chief amongst which was appreciable variation 
in thickness between individual sheets. The variability in thickness of laminations resulted 
in unequal lengths of core along different points on the periphery. This presented many 
practical problems in the assembly of core like selection of sheets according to tidckoeai or 
fitting and putting of additional laminations at the points on the periphery where the 
length of core was short. Also to ensure a tight core very high axial clamping pressures 
had to be used and these high pressures in turn required a high damping structure with a 
correspondingly stiff stator frame in order to withstand the reaction. In late forties, the 
cold rolled oriented (anistropic) sheet steel was introduced. This material has directional 
properties that give a low specific iron loss when the direction of the flux is parallel to dm 
direction of rolUng but a substantially higher iron Urn when the flux is across the direction 
of rolling. Correspondingly the mapietlmtion is very low along the direction of robing and 
very much higher at right angles to this direction <8ee page 24 for details). Cold rolled 
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steel is ideal fur transformer cores where its use is Widespread, However, its efficient use 
in salient pule synchronous machines is difficult to acheive as is dear froui Fig. 12 2. The 
flux follows two paths, one along the core at the back of the slots and the other along the 
teeth at right angles to the first path. As shown in the diagram, the flux path is along the 
direction of rolling in teeth but ii at right angles to the direction of tolling in the core. 
Therefore, low iron loss occurs in the teeth but the iron loss in core becomes much higher. 
Therefore, only a small reduction in total iron loss can be achieved and that too in machines 
when it is possible to have all the teeth over a pole pitch practically paral ei to each other. 
This condition is almost achieved in machines with a large diameter and large number of 
poles. In a typical generator as shown in Fig. 12 2, the reduction may not be achieved as 
even in teeth the direction of flux is not along the direction of rolling. 

The modern synchronous machines use non directional (isotropic) cold rolle 4 steel 
which has electrical characteristics identical to hot rolled steel but has much improved 
mechanical characteristics like uniformity of thick¬ 
ness of laminations, smoothness of surface of 
laminations, higher fatigue strength and lower clam¬ 
ping pressures. 


The commonly uied grade for stator lamina¬ 
tions is Grade 230, 0*5 mm thick- (See page 22). The 
laminations are insulated with paper stuck on one 
side, kaolin day, or enamel. Paper or clay are rarely 
used now, the lbrmei b cause not being strictly a 
class D insul.mt, is like!) to shrink in service. Also 
it Uois not provide protection for cut edges. Both 
paper ant) clay are slightly hydroscopic. Therefore, 
enamel is used for insulation of laminations. 


The stator laminations are either punched as a 
complete circle or are in the form of segments (Fig. 

12'3) in case the diameter is large. The maximum 
width of standard sheet steel is about one metr; so .that this represents the maximum 
diameter of laminations produced as a complete circle. Since the outbde core di..motors 
of practicatly all larg > h/drogeiterators are much greater than one metre rite laminations are 
made as segments. The number of segments per circle varies from 6 to 42 and it depends 
upon the number of slots and the number of stator sections. 

The outside diameter of the stator frame of large hydro-generators usually exceeds 
3 5 m and may be as high as 18 m. In order 
to facilitate handling in the factory and to 
relieve the problem of transport from factory 
to site of erection the stator core and frame 
are divided in two or more equal sections. 

For simplicity of manufacture and assembly 
at situ all stator sections should be similar 
and this requires the number of sennet ts 
per circle be divisible by the number of 
stator sections. The number of slots per 

segment should be an even integer as far as , 

possible as an odd integer of slots complicates P *S* 12*3. Segmental lamination, 

the core assembly and the keying arrange¬ 
ment. 

The insulated laminations are assembled in the stator frame. Every segment has 
two keyways which engage with keybars provided in the stator frame. In building up the 
core to the required thickness, successive layers are arranged so that the butt joints between 
adjacent segments of one layer come midway between those of thepext. 

.4 



Direction of rolling or 
gruip orientation 



Fig, 12-2. Directions of flux palhs 
in teeth and core, and direction of 
rolling in salient pole machines. 
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12 5 2. Stator winding. The stator winding of all .synchronous generators is star 
connected with neutral earthed. This arrangement has tb« adv.in'ag? that tlsu winding 
has to be insulated to earth for the phase vohago ax.d not the lint* voltage. Star connection 
also has the' advantage that it eliminates all triple frequency harmonics from the line 
voltage. 

The present practice is to use double layer lap or wav*, windings with 60® phase 
spread. Fractional slot windings are used to reduce higher order harmonics and pitch of 
the windings is so selected that 5th and 7th harmonics are greatly reduct d. 

The windings may have multiturn coils or single turn coils and in tlu> lattrr case the 
winding is known as oar winding (see page 28*0 High voltage machines having a large 
number of pol-s have a relatively large number of turns and therefore mulritum coils are 
used in th^se machines. On the other hand, low vo)t<.gc roach i e.s have smaller number of 
turns and therefore employ bar winding. The muhi-turn coils are machine made while 
the coils of a bar winding are made by hand. 

The capacity of pull out machines used for the making oi the coils limits the physical 
dimensions of the multi turn coil side to approximate iy 7‘>x25 mm* with a length of slot 
portion to about 3m and pole pitch not exceeding 0 8 m. Therefor , mu titurn coils cannot 
be used for heavy current machines with current per circuit greattr than 1500 A. The 
choice in this case is a bar winding with either a lap or a wave c nnccin-n 

In case of a bar winding, the stator winding is design* ci as a Rocbel bar winding 
having twi bars in each slot. The Roebcl bar consists of a h rg, ' number oi conductors 
insulated from each other and connected to each other in parallel. The conductors are put 
in twp layers along the width of stator slot. The conductors in a Roebcl bar are so twisted 
that each one of them occupies all possible positions along the height of the slot. 'J his Roebe| 
transposi ion greatly reduces the eddy current loss in conductors. 

The bar winding has many advantages as compared iwith a winding with tnultirturn 
coils. These are: 

(») In a multi-turn coil there are many turns in each coil side while a bar 
winding has only one turn per coil side. Therefore, in addition to the main insulation to 
earth the multi- turn coil requires each turn to be insulated with several layers oi mica tape 
in order to provide sufficient dielectric strength to withstand impulse voltages. This inter¬ 
turn insulation lowers the space factor. 

In the bar winding with two bars per slot the interturn insulation is twice as thick 
as the main insulation to earth so that no special precautions against impulse voitagej are 
necessary 

, (ii) Special advantages of the bar winding are noticed when the winding is a wave 
winding. A lap connected winding with p poles and q slots per pole per phase require* (p—1) 
pole to pole connectors and p (gf— 1} coilto coil connector* while a similar wave winding 
requires only one reversing jumper eptading over one pole pitch and no coil to coil connec¬ 
tors. Therefore, a wave winding avoids the use of a large number of connectors and is 
particularly useful for machines wRh a large number of poles. 

The advantages of a winding with multi-turn coils are * 

(0 These windings allow greater flexibility in selecting the valius^&f fctator slots to 
give a requited numbey of turns per phase. 

(ill Since the multi-turn coils are machine tftadc, they aw cheaper .than the hand 
made coils of a bar winding. It is intersecting to note that mdny firms it* Europe and USA 
particularly die latter when the labour charges are hiflb preW jhe use of multi-turn coils on 
account of their lower labour content a^d oonseqmmiowM^puiu cost. 
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However, in USSR the single turn bar wiudiug with wave connection is used for all 
hydro-electric generators due to superior technical properties which certainly outweigh 
the slightly higher cost of this winding. 

The use of bar windings is advantageous only when the stator current is high and 
the voltage low and, therefore, the choice of the uiaciune voltage should be left with the 
manufacturer. This help] ths designer to design the best and the cheapest winding. Since 
most of the hydro-electric generators these days operate on gcids over a unit transformer, 
it should not be difficult to leave the choice of machine voltage to the designer. 

125*3. Bracing of stator overhang. Electromagnetic forces are produced in the 
stator overhang due to the attraction between conductors carrying current in the same 
direction and due to repulsion between conductors carrying in the opposite direction. 


Under normal conditions the electromagnetic forces produced by the current carrying 
conductors are negligible. But during sudden short circuits at the line terminals, the current 
in the windings may rise to about 15 times the full load current (or higher depending upon 
the v.ilue of direct axis sub-transient reactance) and the electromagnetic forces, being 
proportional to square of current, may rite to about 250 times the force under normal full 
load conditions. These forces may be either tangential or radial. Conductors in the same 
phase tend to bunch themselves together while conductors in diffc rent phases may suffer 
repulsion. Any movement of overhang tends to pull the slot conductors outward; and may 
result in cracking of insulation at the core ends. Thus the conductors in the overhang 
must be braced iV. theit mechanical strength be raised. 

A method which is still widely used employs one or two circular steel rings to support 
the overhang against radial forces. These rings are in turn supported by 4—6 steel brackets. 
The use of steel rings and supporting brackets have the following disadvantages. 


(0 the steel rings have to be heavily insulated with mica. 

(s»l there is a large core loss in the steel rings produced by leakage flux especially in 
arge generators with large pole pitches. Due to this loss the rings get overheated damaging 
the ring insulation. 


Fig. 12*4 shows another method of bracing the stator overhang. The 
his method is that except the support steel plate, all other winding supports 
son-magnetic material so that no Ion occurs in them. 


advartage 
are made 


of 

of 


Steel 

support support 
plate /brocket 

(Bokctised fabric) 



Rings in segment 
(Bakcliscd fobric) 

Stotor 
overhong 


Pressure finger 
Flt’12*4. Breda* of stator overheat. 
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12 $ 4. Rotor body. The salient poles are attached to the rotor body. The type 
of rotor body used depends, in general, on the peripheral speed. The body is 

(*) machined with its shaft from a forging, 

(H) built up from discs shtunk on to a shaft, 

(»*) fabricated from a cast-steel spider mounted on the shaft and earning laminar 
ring of segmental plates. 

The forged steel construction is used for high speed machines The earliest cons¬ 
truction, particularly at relatively low outputs (below 40 MVA) consisted of a body and 
shaft extension made as a single forging (Fig. 12 5). 

The forging has a high tensile strength and is useful for high sp ed machi •»> How* 
ever, the cost of the forging and its machining is high and almost prohibitive i i machines 
with large diameters. 

Another type of construction (Fig. 12*6> employs thick rolled steel discs, 120-180 mm 
in length, either shrunk on to the shaft or spigotted to each other and formed into a solid 
ring by Axial through bolts. The ring is attached to stub shaft at each end. This cons¬ 
truction is cheaper and is used for generators running at 600 rpnt and above and upco a 
peripheral speed of 190 m/s. 



Fig. 12 S. Single forging of rotor Fit* 12 - 6. Rotor body formed fron 

body and shaft attention. separate discs. 



Fig. 12*7. Segmental rim on fabricated spider. 

Hie cheapest form of rotor body construction is the punched segmental rim carried 
on a fabricated steel spider (Fig 12*7). The laminations are 1’8 mm thick and are in the form 
of overlapping segments tightly bolted. The rim rests on the spider arms and is driven from 
them by floating keys. The spider is therefore relieved of all centrifugal forces other than 
that due to Ha own mass and is required to transmit torque to the rim. Hence the spider 
is a light fabricated steel structure consisting of arms attached to a hub fitting on the shaft. 
This type of construction can be used for peripheral speeds upto 130 m/s. The advantages 
of a segmental rim are that it is easy to transport and assemble at site. t 
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12*5*3. Poles. 7 ht: poles are clamped or fixed to the rim in different ways. In the case 
of generators with peripheral speeds upto 2 1 ra/s the poles arc bolted to the yoke. Fig. 12 8 
shows the bolted on pole construction The attachment of poles to the periphery of the wheel 
is done by studs inserted from the underside of the rim. When studs are employed, the 
laminations are pierced from side to side by a wrought iron bar to provide something solid 
in the poles for the studs to grip. 



Pig. 12*8. Bolted on pole Fig. 12 9. Dove tail Fig. 12-10. T-head 

construction. construction. construction. 


In the case of water wheel generators having pniphcal speeds between 20 to 80 m/s 
either the dove tail (Fig. 12 9) or the T-head type of construction (Fig. I2*i0) is used for 
fixing the pole to the yoke. 

Double dove tail construction can be used in case the poles are very wide. Some* 
times a multiple T*head construction as shown in Fig. 12*14 is used. 

The cross section of the poles may be reactangular or circular. The circular ctoss* 
section can only be used if the poles are to be massive. The circular poles have the following 
advantages over rectangular poles': 

(*) The length of mean turn of the winding is smallest with circular poles and there¬ 
fore cost of copper is reduced. The copper losses arc also less. 

(»») The whole of the winding surface is uniformly exposed to air and therefore venti¬ 
lation is better. 

(its) The field coils with circular poles are circular in shape and therefore they cannot 
be easily deformed by centrifugal forces. In the case of rectangular poles, the coils easily 
bulge out due to centrifugal forces (Fig. 12*11) and in order to keep them in place, distance 
blocks have to be used (Fig. 1212). 

Distance 



Fig. 1H1. Bulging out Klg. 12*12. Distance Hocks, 

of rectangular com. 

Siemens has developed a new type of rotor construction, .which is very useful for 
high speed machines. It ts called com type construction. In this alternate packets of 
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laminations are inierle ived with packets in the rim,'the poles being secured to the rim by 
axial through bolts. 

12 5 6. Field winding. In hydroelectric generators, the so-called “strip on cdys” 
winding is used for the field coils. The field coils are formed from a flat copper strip 
wound edgewise with interturn insulation on a machine operated former. The coils are 
then cured and consolidated under a pressure exceeding that due to centrifugal force on the 
coils at overspeed. 

The coil' may have a smooth s irface or may have some of the turns 1 made of a wider 
copper strap Fig. ( I 2' 13) so th it th jy protect outside and act as <. > din- 1 , fins. The r .ding fins 
substantially increase the external bare copper cooling area th reby lowering the temperature 
rise. 

The coils are supported by Vee blocks in order to withstand centrifugal forces, 
Alternatively, a canted coil construction (Fig. 1214) may be used. In th's construction, the 
arrangement of turns is such that it avoids the necessity of side support for'tho coils. 



Fig. 12’13. Normal and fin strips 
for field winding conductor. 



Fig. 12* 14. Canted field coil. 


12 5'7. Damper winding. In order to damp out the oscillations damper windings 
are used which are housed in the pole shoes. These damper windings consist of heavy 
copper rods, one in each slot or hole, riveted at the ends to common bars one at each end 
so as to form short circuited grid or the rods may he brazed to copper end bars attached 
to the pole end plates. In most cases copper rods iu »he pole shoe are adequate without 
interpolai cage connection (Fig. 12*15). In aertain cases (Fig. 12*16), the short circuiting 
end bars are carried right around the rotor so that they form two short circuiting 
rings alt around the periphery. This converts damper winding into a cage wi* ding. 
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My 

inducts 


Short 


Whenthe dapper rods are com* 

_ hurried in iron as in Fig. 12*8, their 
inductance may be appreciable, earning 
the damper V winding currents to lag. By 
opening the' holes to the air gap, as in 
Fig. 12 14, t’e inductance is reduced and 
the power factor of damper winding cur¬ 
rent is improved. 

The damper bars are subjected to 
considerable centrifugal forces as the peri* 
pheral speed of synchronous machines is 
high. Special attention mutt be paid to 
connecting bars lying in the interpolar region as this portion has no other support except the 
support of its ends in the pole shoe- 



Fig. 12-16. 


Damper winding with interpolar 
connections. 


12 5*8. Bearings. The bearings for horizontal shaft hydro*generators are of con* 
ventional types. In the case of vertical shaft generators special features have to be incor* 
porated in the bearing set up because of the requirements of the rotor and the turbine 
runner and the hydraulic thrust which may be twice the dead weight of rotating masses. 
The thrust bearing may be provided either in the top or the bottom spider depending upon 
the construction employed. Oil is suoplied to the bearing* by pumps, and cooled externally. 
Another arrangement uses direct cooling by circulating water in tubes embedded in the 
bearing metal. 

1159. Brakes and jacks. Lvge mad ines may take half an hour to stop, after 
the prime mover has been shut down, if not braked. In order to bring the rotor quickly to 
a stop in the case of any disturbance or fault, the generator is provided with brakes so 
that the machine may not run for longer periods at low speeds which are dangerous for the 
thrust bearings. The brakes are so designed that they can dissipate the complete energy 
of the rotating parts and the mi chine is brought to rest within three minutes, rhe brakes 
may be air or oil operated. The brakes have pads made of asbestos interlaced with metal 
wire. When the brakes are applied the pads come in contact with the rotor ring. 

The brakes are also made to work as jacks when erecting and overhauling the 
machines. 

12*9*10. Blip ring*. The slip rings are required to supply excitation to the field 
winding. The slip rings are made of steel and are shrunk over cast iron sleeve with micamte 
as insulation between die two. 

12 6 . Construction of Tarbo-alternators . Ait modern turbo*alternators are 2 
pole machines and their speed is 3000 r.p.m. corresponding to a frequency of 50 Ha. 

Turbo-alternators are characterized by long lengths and short diameters. This Is 
because it is not possible to increase the diameter beyond a certain value (1‘2 m) owing to the 
limitations imposed by mechanical considerations Him centrifugal force, deflection of shaft 
and the critical speed- The diameter being limked» the only way to raise the rating is 
to increase the length, with the rotor diameter limited to 12 m, the active cpre length must 
be of the order of 10 ram per MVA Thus a 500 MW generator has a core length of 5 m. 
a shaft length of 12 m with outside diameter of stator core at about 9 m and that of miter 
casing 4 m- 

* 

With large lengths of core, it is very difficult to cool the machine, especially its central 
portions. In firnt, tise cooUng of turbo-alternators is one of tile mosr complex engineering 
problems. 

114*1. Stator core. The stator core is built up tegmental laminations of type 
as shown In Fig- 1^*3 page 726. The use of grain oriented steel laminations with direction of 
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flux being along tha grains in the armature 
core and perpendicular in tee*h (Fig. 13*17) 
results in lower core 1ms but it is usual to 
use cold rolled non-oriented steel. 

1262. Stator winding. TLa 

windings of small turbo-alternators are 
designed to generate a voltage of some 
standard system level. For large machines 
which are permanently connected to a cower 
network through a transformer, the choice 
of voltage is left to the designer. 

The choice of generation voltage is impor¬ 
tant. Both high voltage and low voltage 
generators have their advantages and dis¬ 
advantages. A generator Resigned for a 
high voltage has a small current but requires 
the use of thicker slot insulation On the 
other hand, a generator designed with a 
low voltage has high currenti which pro¬ 
duce large pulsational forces between conductors which may be as high as 80kN/m of 
conductor length for a 503 MW machine. Also the presence of large currenti requires the 
use of multi-circuit windings and also the use of laminated and transposed conductors to 
decrease the eddy current loss. 

The stator winding of turbo-alternators is a double layer winding with the pitch of 
winding so adjusted as to reduce the 5th and 7th harmonics. 

A generator designed for high voltage no doubt requires a high level of slot 
insulation but permits the use of smaller sized conductors with the ensuring advantage of 
lesser number of parallel circuits, smaller pulsational forces between conductorsiener 
conductor subdivision and ease in coil formation and installation. The generation voltages 
normally used are 15 kV for 100—200 MW machines and 20—25 kV for larger machines. 

The electromagnetic forces developed in turbo-alternators under short circuit Condi¬ 
tions are very high on account of large pole pitch and high armature mmf per pole. The 
problem of bracing the overhang to withstand electromagnetic forces is -more acute in 
turbo-alternators because the conductors in the overhang are concentrated In only two 
sections (for 2-pole machines). The situation, in this regards, is comparatively much 
simpler in hydrogenerators where on account of large number of poles, die overhang is 
distributed over a large number of sections which eliminates the concentration of conductors 
in the overhang. Therefore, the overhang has to be highly reinforced In turbo* 
alternators.. Hardwood blocks with glass fibre cord or tape along with non-magnetic 
brackets are used for bracing the overhang. 

i2'6‘3. Rotor. The cylindrical or non salient pole rotor is adopted for tubro 
alternators, the field winding being distributed in slots, instead of bring wound on salient 
poles. The rotor it generally made, up of chromium nickel-steel or chromium molybdenum 
steel. The rotor consists of a core and shaft generally forged in one piece except in very 
large sixes. 


Segment 


Grain 

orient etian 



Fig. 12*17. Use of grata orieated stool 
laminations for stator of turbo- 
alternators. 
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(a) Radial Slots (b) Parallel Slots 
Fig. 12*18. Cylindrical rotors 



Fig. 12'19. Flux distribution in tubro-alternators 


Slots are milled in the rotor fur inserting and securing the field windings. Rotor, are 
distinguished as (i) radial slot (is) parallel slot rotors as shown in Fig. 12 18 (a) and (b) 
respectively. Usually t a radial slot construction is used. Generally two thirds of rotor is 
wound and the rest ore third is left without slots This unwound portion forms the so 
called large tooth through which the main part of generator flux passes. Consider the 
developed cylindrical surface of a turbo-alternator as shown in Fig. 12*19. The flux 
distribution is shown by the heavy lime curve. The total flux per pole is proportional to 
the area enclosed by the curve formed by the heavy lines. Now if two more slots are 
added to each pole, the flux per pole is increased by the amount proportional to the area 
enclosed by the dotted curve. This shows that only a small increase in flux is produced and 
that too at the cost of considerable increase in expenditure (33% in this case) and rotor 
resistance and consequent rotor copper loss which is not easy to dissipate. Hence the increase 
in number of rotor slots is not justified considering the additional cost involved without any 
significant increase in flux, and also the increased rotor copper loss and consequent increase 
in temperature rise on account of increased losses and difficulty in dissipation of losses from 
rotor. The rotor, therefore, is slotted for only two third of its periphery. 

The slots have equal width throughout their depth and the rotor teeth are tapered. 
The teeth have minimnm area of cross-section at the bottom and therefore the mechanical 
stresses produced there limit the slot dimensions. The slots are parallel sided because 
rectangular conductors have to be used. Concentric multiturn coils are accommodated in 
slots which are a multiple of four. The slot pitch being chosen to avoid undesirable 
harmonics In the field form. The field winding consists of copper strips laid fiat in the dots 
and insulated with moulded micanite or asbestos, thus obtaining a solid winding* which will 
not shrink under the effects of centrifugal stresses and temperature rise. A manganese 
bronse or steel wedge is driven into the mouth of each slot for the purpose of keeping the 
winding in place. • At the bottom of each slot a ventilating duct or a sub riot may be used for 
providing a thorough passage for cooling air. 

The end connectors (overhang) of the field winding must be rigidly supported by end 
bells because of the large centrifugal forces due to high speed of rotation, but also because 
of still larger force to which the field winding is subjected in case of a sudden sheet circuit 
of armature. This is because under short circuit conditions, not only large transient 
currents are produced in the armature but also there are transient unidirectional voltages 
and currents which art many times the normal values. 

The end brill are made of a nonmagnetic austenitic uteri (18%Mn, 3%Cr, 0'5%C) 
in order to reduce the leakage flux. Theee end befit me sseduriesOy Wrong and have «m 
ultimate strength of U50MN/m*. A typical end beQ and overhang arraagesnent for an air 
pooled machine is thowi lf‘20. 
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Fig. 12*20. Rotor overhang and retaining ring. 

On account of the high electromagnetic forces produced on the conductors under 
fault conditions, it is obvious that the conductor and slot insulation will not only be 
designed to have sufficient dielectric strength but also have strength to withstand mechanical 
stresses as well. 

127. Industrial Generators. Special-purpose and standby synchronous 
generators are useful in industry. These units are useful as captive units, and also as units 
to generate power in case of peak loads and in emergencies. 

These generators are driven by internal combustion (IC) engines, gas turbines and 
steam turbines They are invariably designed with a horizontal rotor with shaft supported 
on end-shields or padestal bearings. The power ratings of these machines is small and 
therefore they are built with laminations which are complete rings. The use of complete 
ring laminations considerably reduces the cost of manufacture and core assembly. Segmental 
laminations are wed in case the diameter is greater than one metre. The stator winding is of 
conventional type. 

Modem industrial generators use a 4-pole construction with brushless excitation. 
Salient pole construction is used and the poles may be attached to the rotor body using a 
bolted on pole or a T head construction. Fig. 12 21 shows a typical spider and pole assembly 
for a 6 pole generator. In generators driven by IG engines it is necessary to indude 
sufficient flywheel effect in the mass of the rotor generator or where this is uneconomic, 
additionally to attach a flywheel that gives the required inertia. The flywheel effect 
provided must be sufficient to prevent undue flicker in the voltage or changes in 
frequency. 
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DESIGN 

13 S, Qatpnt Equation. The output equation for polyphase a.c machines have 
buen derived on page 456. 

kVA output Q-Cs&L n, ...(12*1) 

' where output coefficient C*-»l I Bn ae k v X to * ...(12*2) 

The output equation in terms of peripheral speed is 

kVA output <^—(1*11 Bor ae JfceX I0“») VJL/n, ...(12*3) 

llt'l. Choice of specific magnetic loading. Some of the factors that influence 
the choice of average gap density have been discussed in Art. 8' 1 *7 (page 458). These factors 
it long with same additional factors which are specific to the choice of average gap density for 
synchronous machines are discussed below. 

(i i ) Iren lees. A high value of flux density in air gap leads to.a high value of flux 
is nrity ipfUtpr ^effigy resuiting in high iron loss with consequent decreasrfa“*- 
^Tdflidiocy and increasetemperature rise. . . v 

Therefore, a lower value of gap density should boused in offlerto increase the 
efficiency and to decrease the temperature rise. 

(U) Voltage. In case of machines designed for high voltages, the space occupied by 
insulation becomes greater and smaller space is left for teeth. Therefore, a lower value of 
gap density should be used in high voltage machines to avoid excessive values of flux density 
in teeth and core. 


(fit) Transient short circuit current A high value of gap density results in decrease 
in the leakage reactance of the machine with consequent increase in initial value of armature 
under short circuit conditions, therefore, a low value of g.ip density should be used to 
limit the initial electromagnetic forces under short circuit conditions. 


(iv) Stability. The maximum power which a cylindrical rotor machine can deliver 
under steady state conditions is A»m~EF/X* Where E is the excitation voltage, Fis the 
-terminal voltage and A’i iitheiyuchronotts reliance. Therefore, the maximum power or 
the steady state stability limit of a machine is inversely proportional to its synchronous 
reactances. If a high value of gap density is used, the flux per pole is large and therefore a 
smaller number of turns are required for the armature winding. This results in reduction 
in the value of synchronous reactance (as synchronous reactance is directly proportional to 
die square of number of tprps).,. Therefore, the ttsebf a high gap density improves die steady 
rffate stability limit. '* • .—--- 


(v) Parallel operation. All synchronous generators, except those required to feed 
isolated loads, are connected in parallel with other synchronous generators. The satisfactory 
parallel operation of synchronous"generators is dependent upon the synchronising power, the 
higher this power, the higher is the capability of the system to keep the machines in 
synchronism. The synchronising pjwer is inversely proportional to the synchronous 
reactance and **thereM "with high value of gapdensity operate 

'ixtlsfi^tb^y'In {mriller. ..... . L --- 

Following are the normal values of average gap density for the conventially cooled 
generators: 

V._Salient pole machine s 0*52 to 0* 65 Wb/m* __ 

H Turbo^alternators —0*54 to 0*65 Wb/m*. 

?L.- „ Lower values normally apply to smaller sited machines. 

13*8*3, Choice at specific electric loading. Some facton which influence the 
choice of spadfit. k trie loading ce have been discussed hi Aft 8*1*8, pege 460. These factors 
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along with aome additional factors relevant to synchronous machines are explained 
below. 

(0 Copper loos and Umporatare rise. A high value of ao gives higher copper loss 
resulting in lower efficiency and higher temperature rise. The value of ae used depends 
upon the cooling techniques employed. Higkr values of ae arc used in machines which 
employ cooling techniques that effectively dissipate the generated heat. ' 

(if) Voltags. A higher value of ae can be us< d for low voltage machines since the 
space required for insulation is small. 

(Hi) Synchronous reactance. The value of ac affects the leakage reactance and 
armature reaction in the machine. A high value of oc leads to high values of leakage 
reactance and armature reaction. and consequently a high value of synchronous reactance. 
Therefore, a machine designed with a high value of oo will have (») a poor inherent voltage 
regulation (it) low current under short circuit conditions and therefore many "arge units 
especially turbo-alternators are designed with a large value of ae in order that they may be 
able to withstand momentary short circuits without mechanical injury and (iii) low value 
for steady state stability limit and small synchronizing power and consequently leads to 
instability. 

(iv) Stray load lots. The stray load lost Increases steeply with an increase in oc. 

Following are the usual values for specific electric loadings, used in conventially 
cooled generators. 

Salient pole machines —20*000 to 40,000 A/m 

Turbo-alternators —50,000 to 75,000 A/m. 

DESIGN OF SALIENT POLE MACHINES 

12‘9. . Mala Dimensions. Diameter D is the diameter of stator bore. The outer 
diameter of rotor Dr is nearly equal to D as the length of air gap is negligible as compared 
with diameter D. 

\ 

The selection of diameter D depends upon 

(I) the type of poles used (M) the permissible peripheral speed. 



(«) Round pole <M Rectangular pole 

Fig. 12-22. Shape of salient poles. 


Than are two types of poles used for salient pole machines 
(fl round poles (tf) rectangular poles. 
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(*) Round poles. (Pig. 1272 a). When ro u nd poles ar e u«ed the ratio of pole arc to 
pole p tc > bi/r is between 0 6 to 0 7. Under these conditions It is possible to use round poles 
with squ ire pole shoes. Therefore, for round poles 

U ngth of pole** width of pole shoe or £—6i 
and ratio £/t—b‘6 to 07 .**(12*4) 

(it) Rectangular poles (Pig. 12*22 6). The ratio of pole arc to pole pitch varies 
between i to 5 for rectangular poles. However, this ratio should not exceed 3 for normal 
machines otherwise the do sign of field system becomes uneconomical. 

Therefore, for rectangular poles t 

ratio T/t-l to 5. 11.(12*8) 

From Eqns 12*4 and 12*5 it is dear that the diameter with circular poles is compete* 
tively larger than that with rectangular poles. 

The deciding factor for the diameter is the peripheral speed. The rotor should be 
designed to withstand centrifugal forces produced under runaway speeds. 

The values of run-away*ipeeds for different types of turbines have already been given 
on page 725. 

The values of allowable peripheral speeds for different types of pole attachments 

are: 


Bolted on pole consjrai^ifia‘r50.m/s. 

Dovetailed and T head construction-80 m/s. 

The diameter of the rotor should be such that suffident flywheel effect is 
obtained. 

Example 12*1. Determine the main dimensions for a 1000 WA, SO He, S phase, 
875 r p m altematof. The average air gap flux density is 0 55 Wb/m • and the ampere 
conductors per metre are 28,000. 

Use rectangular poke and assume a suitable value for ratio of core length to pole pitch in 
order that bolted on pok construction is wed for which the maximum permissible peripheral 
speed is 50 m/s. The run away sped is 18 times the synchronous speed. 

Solution. 


Synchronous speed n« B =*3?5/60** t 6'?5 r.p.s. 

Number of poles p«2 X 50/6*25-16. 

Assume a winding factor of 0*955. 

From Eqn. 12 2 output co>efficient C**» 11 Km. Bus. at. 11T* * 

-11X 0’955 X0*55 X 28000X10"*-162 


1000 


Product lX2 x6 j5 


0*987 m*. 


Taking £/v—2 

Wo have £-0*393 D 

0*393 JP-0‘987 

D—1’36 m and £—0*535 m. 

Peripheral speed F«— « D n»-n X 1*36 X 6*25—26*7 m/s. 

Peripheral speed at run-away speed—1 ‘8X26—48 a/s. This it below 50 m/s and 
therefore a simple bolted on polo construction can be used. 
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■sample 12*2. Find the main dimensions of a 2600 kVA, 187 5 r.p.m., 50 Hz, 3 
phase , 3 kV, salient pole synchronous generator. The generator is to hr. a vertical, water 
wheal type. The specific magnetic loading is 0 6 W/bm* and the specific electric loading is 
$4000 A/m. Use drooler poles with ratio of core length to pole pitched 05. Specify the type 
of pole construction used if (he runaway speed is about 2 times the normal opted 

Solution. 

Synchronous speed »i—1 87*5/60—3* 125. 

Number of poles p—2 X 50/3* 125—32. 

Assuming a winding factor of 0*955, 

output co-efficient (?•—11 X0*955 X 0*6 x 34000X 10”*—214. 

Pml «‘ B,£ -5?S-2l4OT- 3 74 ».. 

We have i/t-0‘65 

or £—0*65 X (a/32) i)-0*0638 D. 

0*0638 0*-S 74 

or 0oR3*9 m and £*"0‘245 m. 

Peripheral speed P«— it 0 «*—a X 3*9 X 3*125—38*2 m/s. 

The runway peripheral speed will be about 80 m/s and therefore a dove-tail construc¬ 
tion is used for attaching the rotor poles to the rim. 

■sample 12*3, Find (he main dimensions of a 100 MV A, 11 kV, 50 He, 15 n r.p m., 
3 phase water wheel generator. The average gap density is 0’63 Wbfm * and ampere conductors 
per metre are 40,000. The peripheral speed should not exceed 05 mfs at normal running 
speed in order to limit the runaway peripheral speed . 

Solution. 

Synchronous speed *#—150/60—2*5 r.p.s. 

Number of poles p—2 x 50/2’5""40. 

Taking winding factor ■•■■0*955, 

output co-efficient (7«—II X0‘955 X0*65x 40,000X 10 ~»— 274 . 

Trying circular poles, we have 

i/t*0'6 to 0*7. 

Taking a value —0*65, we get £”-^-x0‘65=*0‘051 D. 

0*051 0»-146 or 0-14*2 m. 

Peripheral speed at synchronous speed 

P«—it0*i—uX 14*2x2*5—111*5 m/s. 

This is above the maximum permissible value of 60 m/s. Actually this is a very 
high peripheral speed and the peripheral speed with run-away-speed will be still higher 
(about 2w «/»•) Therefore, circular poles cannot be used for this speed and so rectangular 
poles aim employed. 

. j i* 

Ratio £/v—1 to 5 for rectangular poles. 
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The following table gives value of L and D for diflferent values of Ljx ratio 


LI t 

D 

m 

L 

m 

mf* 

- , 

10 

12*30 

0*965 

96*5 

20 

9 73 

1*53 

76 7 

3*0 

8*30 

202 , ' 

667 

40 

7-73 

2*43 

601 

3-0- 

7*30 

2*73 

52*4 


The value LI t— 4 and 5 give designs where the rotor peripheral speed is below the 
maximum allowable value of 65 «n/s. 

We use L/t*» 4 as it results in a cheaper design for the field system. Therefore, 

D-7‘75 m and 1-2 43 m. 

12 10. Short circuit ratio. The short circuit ratio (SCR.) of a synchronous machine 
is defined as the ratio of field current required to produce rated voltage on open circuit 
to tt-ld current required to circulate rated cumnt at short circuit. Fig. 12'23 shows the 
open ciccuit and short circuit characteristics of a synchronous machine. According to the 
definition, 

OF, CF, CF, \ 

^ Wr m TFT " a F, " aFofOF, 

_ 1 _ 

“_ per unit voltage on open circuit _ 

corresponding per unit current on short circuit 


I 

X* 


.. (12 6 ) 


Thus the short circuit ratio is the reciprocal of synchronous reactance Xi t if X 4 is 
;. oet un u value for rated voltage and rated current. The value of Xi for a given 
j .ffUeted by- saturation conditi ns that then exist, while SCR is specific and 
univalue i for a given machine as it is defined at the rated voltage. 



Fig.12'23. O.CC.tndSCC. 

% 

For modern turbo-alternators, the SCR is normally between 0’5 to 0 7. This may 
have to b > raised to l 0—15 if the loading is likely to be Capacitive (as with connection to 
long unit ied transmission lines or extensive high v ullage cable tatu). .For salient pole 
1 ..® I....: . tm varies from 1*0 to 1*5. 
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(*' Vwltege regulation. A low value for SCR means that the syuehronoifa 
reactance has a hrga value Synchronous machines with low value of SCR thus have 
greater changes in voltage under fluctuations of load i.e. the inherent vol>age regulation of 
the machine is poor, 

(is) Stability. A machine with a low value of SCR (and thus high value of Xe) 
has a low-r stibility limit as the maximum power output of machine is inveisely 
proportio ai to X*. 

(sit) Parallel operation. Machines with a low value of SCR are also difficult to 
operate in parallel because a high value of Xa gives a small synchronizing power. This 
power is responsible for keeping the machines in synchronism The parallel operation of 
machines, with high value of Xi becomes more difficult if the y are inter connected through a 
transmission line. This is because tre impedance of the tine betwe< n generators adds 
directly to the sum of the impedances of the machines. This increase iu impedance acts 
to reduce the synchronising power so that they are weakly held in synchronism They 
become more sensitive to t »rque and voltage disturbances. Also the decreased synchro* 
nixing power u more likely to lead to disconnections of individual units of apparatus and 
shut downs from the operation of automatically reclosing type circuit breaker.. 

(<•) Short circuit current. A small value of SGR indicates a smaller value of 
current under short circuit conditions owing to large value of synchronous rearunce. But 
this is not a problem, because the short circuit currents can be limited and thus the 
synchronous generators need not b» designed with large values of ynchronous reactance 
(i.e. low value* of SCR). 

(«) Self excitation. Machines feeding long transmission lines should not be 
designed with a small short circuit ratio (high Xi) as this would lead to large voltages on 
open circuit produced by self excitation owing to largo capacitive currents drawn by the 
transmission lines. 

have noted that a machine with higher value of SCR has a higher stability limit 
and alow value of inherent regulation On the other hand a higher value ot SCR means a 
high value of short circuit current. Also a machine designed with a higher value of S'iR 
has a long air gap which means that the mmf required by field is large Hence a machine 
having a higher value of SCR is costlier to build. Present trend is to design the machine 
with a low value of SCR. This is due to the recent advancement in the fast acting control 
and excitation systems. 

S3'II, Length of air gap. The length of air gap greatly influences the perfor* 
row** 8 * of a synchronous machine. A large air gap offers a large reluctance to the path of 
flux produced by the armature mmf and thus reduces the effect of armature reaction. 
This results In a small value of synchronous reactance and a high value of SCR Thus a 
machine with a large air gap (and consequently with a small Xt and a high 
SCR) has 

(f) a small value of inherent regulation, 

(ii) a higher value of stability limit, 

(HI) a highrr synchronising power which makes the machine less sensitive to load 
variations. 

In addition a machine designed with a large air gap has better coding at the gap 
surface, lower tooth pulsation loss, lower noise level ana a smaller unbalanced magnetic puli* 

But with the increase In length of dr gap, a larger value of field mmf is required 
fesuUftng In increaso of cost of the machine. 

Per salient pelt machines of normal construction and having open type dote, 

m Jt m 0*01 to 0*015 

where b «• tiu length of sir in the eentre of poha. 
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For turbo-alternators, with massive rotors, 

length of air sap U « «« 

-S—-- r- f - C aa-Z- s»0'02 to 0 025. 

pole pitch * 

F‘>r synchronous motor' designed with maximum output 1 5 times rated output* 
length of air gap i» 


pole pitch 


• 0 * 02 . 


*2*12. Shape of pole face. The ratio of pole arc to pole pitch, <p, varies between 
0*67 and 0*70. If the value of <ji is too large («j»>0 , /5), the interpolar flux leakage becomes 
excessive leading to high value of flux density in the pole body and improper flux distri¬ 
bution over the armature. On the other hand too small a value ($<0’67) will leave 
insufficient overhang of the pole shoe to support the field coil in the radial direction. A 
common practice is to use a value of 4>««0*7. 

In saUent pole machines the length of the air gap is not constant over the pole arc 
but increases from centre outwards in order to produce the required flux distribution. An 
attempt is usually made to obtain sinusoidal distribution of flux by proper shaping and 
proportioning of the pole shoe. For an exact sinusoidal flux distribution, length ot air gap 
at a distance x from centre (Fig. 12*24) 

l«=“Wcos^~ ^ ...(12*7) 




Fig. 12*25 Commonly used pole 
(see profile. 


A satisfactory gap flux distribution curve is generally obtained when the pole face is 
shaped as indicated in Fig. 12 25. For machines requiring no damper windings in the pole 
faces, the tip of the pole face may be rounded off as shown by full line. For machines with 
damper windings, a heavier pole face (as indicated by dotted line) is generally required. 

1213. Armature design. The windings used In synchronous machines may be 
single layer or double layer type. Machines having large values of flux per pole 
have small number of turns per phase and therefore a double layer bar winding is used 
for them. However, high voltage machines and ma c h in es with small values of flux per 
pole havo a large number of turns per phase. Therefore* multi-turn coils are used 
for such machines For machines using multi turn coils the choice lisa between 
double layer lap winding and single layer concentric winding. Tha former is 
dropped into open type of slots while with the latter type, hair pin coils (Fig. 6*41 page 627) 
are pushed through semi-enclosed slots. 

12131. CeaaqMwIeoa between single sad doable layer windings. Double 
layer windings in open-dots have the following advantages over single layer windings in semi- 
enclosed slots: 

(l) ease in manufacture of coils and lower cost of windbag 
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(i») less number of coils am required m spare in the case of winding repairs 
(in) fractional slot windings can be employe d 
(ie) fractional pitch coils can be used. 

The single layer windings have the foil jwing advantages : 

(») higher efficiency and quieter operation because of narrow si it openings 
(is) space factor for slots is higher owing to absence of inter layer separator 

A complete description of various types of a.c. windings has already been given in 
Chapter 6. 

Modem practice all over the world favours use of double layer windings Single layer 
windings are popular only in the Continent. 

Where single turn coils arc necessary as with rurtn alternators and multipolar low 
voltage machines a double layer bar type lap or wave winding is used Both types may 
have the bars pushed through semi-closed slots and be bent to shapo at the other end 
when moderate conductor sections are used But heavy bars used in turbo-alternators must 
be completely formed before being inserted into open slots. It is advantageous to use 
chorded bar lap winding as it gives a sho ter overhang an l is more suited when there are 
several parallel circuits per phase. 

1213‘2. Number of armature slote. The following factors should be con¬ 
sidered for the aelecti n of armature slots : 

(*) Balanced windings, The number of armature slots must be such a number 
that a balanced winding is obtained, It may be mentioned here that some generators have 
been designed and built with armature windings having a small amount of imbalance with 
apparently no ill effects. However, the use of unbalanced windings may lead to overheating 
of rotor surface due to space harmonics, excessive triple frequency currents flowing in 
neutral, with ill effects on loads such as delta connected induction motors and due to circu¬ 
lating currents in other generators running in parallel. 

(is) Coat. A smaller number of slots leads to a slight saving because there are few^r 
coils to wind, form insulate, place into slots, and connect. 

(its) Hot spot temperatures, A smaller number of slots results in bunching of 
conductors (s.e., conductors are close to each other) leaving smaller space for the circulation 
of air. This gives rise to high internal temperatures. 

(**) Leakage reactance. When the number of slots is small, leakage flux and there¬ 
fore, leakage reactance is facreased owing to conductors lying near each, other. 

(v) Tooth ripples. The tooth ripples in the field form and the consequent 
pulsation losses in pole face decrease if a large number of slots are used. Also the waveform 
af generated voltage is free from ripples. 

(os’) Flux deneitjr ia Iron. With a larger number of slots a greater space is 
taken up by the insulation. This results in narrower teeth giving flux densities which may 
be beyond the acceptable limits. Also the teeth might become mechanically weak and,may 
have to be supported at the ducts. 

The value of slot pitch serves as a guide when choosing the number of armature 

dots. 

The value of dot pitch y«, depends upon the voltage of the machine. For high voltage 
nachines which ace normally built in large capacities, it is desirable to use a larger slot 
pitch. Following are the usual values for slot pitch : 

nun for low voltage machines, 

40 mm for fi kV or low voltage machines, 

*<«0 mm for machines upto 15 kV. 


( 
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The stator slot pitch Tor large hydro-electric generators varies between 50 mm and 
90 mm. 

In salient pole machines, the number of slots per pole pur phase is usually between 

2 to 4. 


It was disc us--ud in Chapter 6 (page 275) that a frattional slot tending reduces the 
distribution factor for higher harmonics thus reducing their corresponding generated 
emfs and making the voltage waveform nearly sinusoidal. 

Fractional slot windings are invariably used in synchronous generators. 

1213 3. Coll apiui. The highest amplitude harmonics in the flux distribution 
curve of salient pole generators are likely to be 5th and 7th. Therefore, the coil span is 
so chosen that these harmonics are drastically reduced. The maximum reduction or these 
harmonics is given by a coil span of 8 33 per cent of pole pitch. Therefore, thin coil span is 
chosen where ratio of number of slots to number of poles does permit it, otherwise the coil 
span used should be as near to this value as possible. 

12'13 4, Taras per phase. Flux per pole xL. 

.*. Turns per phase 

where voltage per phase. 

The above relation is applicable when all the turns of a phase are connected in aeries. 
But if there are V parallel paths per phase, 


or 


7.xi " E * X * 

44‘4 0/JT* 

12* 13*5. Conductor section. Current in each conductor, 


...(12 8 ) 


Ws*-kVAXlO»/(3J*) 

But if there are V parallel paths, the conductor current is h »/*»/«. 

For normally cooled machines, the permissible current density in the armature con* 
ductors is assumed to be with 3 to 5 A/mm*. 

Area of cross-section of armature conductots a«—/«/8« 

where 2«-»cuirent density in armature oonducton, A/mm*. 

12'14. Armature windings, mil* and their The armature 

windings of salient pole machines employ two types of coils: 

(i) single turn bar, - (ii) multi-turn. 

12141. Single turn bar-dans B. A single turn bar winding is used in «w«»if«i— 
when the armature current per circuit exceeds 1500 A. On account of the large current 
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the conductor crosi-section is accordingly large. 
Therefore, in bar windings the conductors are sub* 
divided into many pans to reduce eddy current loss 
in them. The subdivision is achieved by laying a 
number of bare copper strips flat wise in the slot* 

There are two conductors in slot if a bar 
winding is used. Each conductor consists of two 
vertical stacks of copper laminations (subdivisions 
of. copper conductor* insulated with either treated 
asbestos or glass rovings. The asbestos insulation 
has a diametral thickness of 0*38 men while glass 
insulation has an average thickness ranging from 
0 29 to 0*38 mm. The advantage of glass covering is 
that it gives a high space factor. 

The dimensions of individual laminations (s.s. 
subdivisions) are determined partly by electrical consi* 
derations and partly by manufacturing requirements. 
It is a normal practice to design the stator so that 
the eddy current loss including the circulating 
currant loss and the strand loss does not exceed 
about 1/5 of the PR (d c.) loss. The width of 
individual strands varies between 4 mm to 7 mm. 
The thickness af strands rarely exceeds 3 mm. 



Fig. 1226 shows a cross-section of slot with a Flg . ^26. Single turn bar rail 

single tU' n bar coil. In order to achieve reduction 
in the circulating cur ent Ijss, it is essential to use some form of transposition of conductor 
laminations in the slots. In the bar winding, the transposition of the slot portion of 
sonductor laminations is effected by the Roebel transposition (Fig. 12 27) In this trans¬ 
position each conductor lamin.ition is arranged to move continuously through all positions in 
the depth of coil side so that the leakage reactance of all conductor laminations Is 
sqnaliaed and consequently there is no circulating currant between the laminations and 
hence the circulating current loss is eliminated. 


The length required to transpose a strand from one strand to another is normally 
less than 40 mm. 


The width of slot is usually less than 25 mm and with a value ot 5 mm for the thick¬ 
ness of main slot insulation, the width available for the bare copper conductor is 2X7 mm. 
In fact, a width of 7 mm should be regarded as maximum for the bare conductor. On the 
other hand, the maximum width of copper strand is 4 mm on account of meobsmical (reasons. 


Hie maximum depth that can be 
used for an individual strands is determined 
by the eddy currant loss. As is clear from 
Iqu. 6*94 (page S22), the greater is the 
depth of strand the greater is the eddy 
cu rrant loss in it. The depth of an individual 
strand rarely exceeds 3 mm and is normally 
kept below 2*5 mm. 

The eddy currant loss is greater in the 
ooil side an Compared with -that in the 
bottom co& side. This difference in loss in die 
two coil sides produces a temper a ture fist 



Fig. 12*27. Roebsl traasposMoa. 


i 
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difference between the two coil side* which may be many degrees Geldus. The 
temperature rise difference between the top and. bottom coil sides is reduced by 
increasing the number of strands and thereby reducing the thickness of strands in the top 
coil side- (A similar case of a single layer winding where the depth of individual strands u 
reduced, as one moves up from the bottom to the t >p of the slot, in order to equalise die 
eddy current loss in a conductor is illustrated in Example 6*43 page 328.) 

Bitumen Mioaflabe Insulation System. It is clear from Fig. 12*27 that the stranded and 
transposed bar has irregular surfaces both at the top and bottom because of strand cross¬ 
over. The application of bitumen main insulation leaves voids at every cross-over which 
leads to corona discharge thereby causing rapid failure of main insulation tube. 

This can be avoided by using (<) asbestos boards as packers and or (ii) applying 
asbestos or mica putty/ 

The use of these methods the surface irregularities are filled and a smooth surface 
is both at the top and bottom of the coil side. The entire stack is saturated with eposidised 
phenolic resin and then hot moulded at 160°C. The resin polymerises at this temperature 
and the.dimensions of the bar are consolidated at the desired values. 

Till a decade back, bitumen impregnated mica tape applied throughout the length of 
die bar or bitumen mica folium applied to slot portion of the bar with mica tape on the 
overhang portion were the most commonly used insulating materials for high voltage genera* 
tun.. The thickness of bitumen-mica main insulation is given in Table 12*1. 

Table 12 1. Thickness of bitumen-mica main insulation. 


Voltage 

10 









kV 

u 

12 

13 

14 

IS 

“J 

17 

18 

Thickness 

M 



in 

M 

III 

HI 



mm 

a 

3'8 

4-1 

D 

B 


ES 

MjM 

5*6 


The insulation on the- overhang portion of coils has a thickness which is 75 per cent 
of that of main insulation and therefore two adjacent coils in the overhang have a total 
insulation between them which is 1*5 times slot insulation. 


Micafbtium applied in a width corresponding to the length of the straight portion of 
bar and is moulded on to the bar at a temperature of about 160°G in a machine. The mica 

X O'li mm thick and 20 mm wide is wrapped by hand upto 2U half layers. This'process 
th time-consuming and expensive. 

The wrapped bar is not used in case the thickness of slot tube is greater than 4 mm 
as above this thickness it may not be possible to get proper consolidation of insulation tube 
through machine moulding process. Therefore, the use of wrapped ban is limited to 
having voltages upto 12 kV. 

Bposcy Novalak Mica Paper Insulation System. The stack of conductor la minatio ns 
needs to be consolidated into a rigid mass in order to reduce the corona discharge. This is 
done by using Epoxy Novalak mica paper system wherein the rows of the conductor stack 
are bound with epoxy based resins. This is done by using two highly loaded epoxy glass 
separators. The stack is then pressed at 160°C to form a rigid mass. This type of construc¬ 
tion does not require the filling of all external voids. 

The overhang insulation consists of a number of layers of flexible Isopthalate 
varnished polyester backed mica flake tapes. The insulation on tike slot portion of the 
conductors consists of a number of half lap layers of Epoxy Novalak bonded giasa backed 
mica paper tape. The dot insulation is hot pressed at 160*G to produce a bar of desimd 
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dimensions. A layer of asbestos is applied over tlic slot portion of conductors which in 
turn is coated with coUoidal graphite paint. A coat of stress grading paint is applied to 
the bar in order to distribute the electrical stress evenly. < 

The thickness of Epoxy Novalak mica paper is 20% leu than that of bitumen bonded 
insulation for the same voltage. Therefore, the thermal conductivity in this insulation 
system is 20% greater than the corresponding value in bitumen insulation system and 
so the temperature gradient across the slot insulation is lower. Also, Epoxy Novalak mica 
paper insulation system permits the machine to be operated at a higher temperature rise. 
These two factors i.e. the lower temperature gradient across the slot insulation and the 
higher permissible temperature rise results in a higher power output from a given frame rise, 
(n addition, the dielectric loss is also smaller 


This insulation system has a thermal stability upto 
about 180*C and therefore can be used for machines 
designed for class F insulation (155°C). 

12'14 2 Multi-turn coil—class B. The multi¬ 
turn coils are machine wound as described earlier. In 
these, in addition to insulation between individual 
strands, insulation between turns has to be provided. 

The Interturn insulation should be designed to withstand 
surges of magnitude 1 '5 times the line voltage, with a 
duration of a few microseconds. The inter turn insulation 
used is mica tape half overlap and asbestos The thickness 
of mica tape is 0T3 mm and that of asbestos 0*38 mm. 

Fig.' 12 28 shows the slot details of the winding with 2 
turns per coil. The insulation thickness used for diffe¬ 
rent test voltage is specified in Table 12*2. 

Multi-turn coils Epoxy Nomlak Mica Paper System. 

The Epoxy Novalak mica paper insulation used is different 
for slot portion of conductors and the overhang. Novalak 
mica paper tapes sure used for the slot portion while Isopthalate varnished mica flake tapes 
are usea for the overhang. The thickness of interturn insulation is dependent upon 
individual designs. 


Table 12*2. Class B insulation for multi-turn coils. 


Testroltago 

V 

Layers of mica 
half overlap 

Layers of bitumen 

2000 

1 

1 

5000 

2 

1 

9000 

3 

1 

12000 

4 

1 


12*14 3. Synthetic resin and mica paper insulation. Till recently, the main 
insulating materials used for armatures of synchronous machines have mica flakes attached 
to paper by bitumen varnish. The performance of this insulation system has been satisfactory 
and cases of insulation failure have been few and in these the failure bail resulted on a oo ouat 
of bitumen used when used as inter-turn insulating material in multi-turn coils. Therefore, 
bitumen is being replaced with far more reliable thermo-setting resin systems. Ill the 
thermosetting resin insulating systems, tbs main insulation is composed pf aisd 

not mica flakes. There are many systems but the two moat commonly used syitetts are t 


Slot 

insulation 

Strand, 

insulation 



Pig. 12 28. Multi-turn coils. 
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(a) Vacuum impregnated procut {VIP tytltm). In tbit system a number of layers of 
mica paper with glass backlog and a binder are applied to the cot!* till the desired 
insulation thickness is obtained, The bars are then dried in vacuum and are impregnated 
with epoxy resin in ord ;r to fill the voids. After this the coils are pressed to the desired 
dimensions at 160*C at which the polymerisation is complete. 


(6) Stein rich procut . In this system mica paper with a backing of 0 04 m thick glass 
cloth is used. The mica paper ,is saturated with Epoxy Novalak resin. Mica provides the desir¬ 
ed electrical strength while the required mechanical strength is provided by the gls« cloth, 
The conductors arc covered with a number of layers .of insulation till the desite i insulation 
•thickness is obtained. The coils are then pressed to size and cured at 160°G to complete the 
polymerization The advantages of this system are : 

(*) This insulation has a higher mechanical strength and is better equipped to 
withstand, without damage, the large forces which are produced during sudden short circuit 
at the machine terminals. 

(is) The loss angle of epoxy insulated coil is about 25% of that of the bitumen 
insulated coil. As the loss an^le is indicative of presence of voids in insulation it is clear 
that the epoxy insulation is letter placed than the bitumen insulation. The presence of 
voids, over the years, leads to ionization thereby causing insulation failure. Therefore, the 
epoxy insulation with smaller voids has a longer life because of lesser por nihility of insu¬ 
lation failure. 

(Hi) The dielectric strength of epo*y insulation is approximately 40% greater than 
that of bitumen insulation which results in 20% reduction in thickness of insulation. 

(is) The bitumen bonded mica folium and bitumen impregnated mica tape 
insulation is capable of withstanding only class B temperatures (130°G). However, the 
synthetic resin mica paper insulation can withstand a temperature of 140*C an! therefore 
it can be classified as class F insulation. In fact, it Is a common practice to specify the 
stator ‘ winding insulation to withstand class F temperatures but in actual practice to 
operate them below allowable temperatures for class B insulation. The operation of the 
insulation at temp eratures lower than the maximum that it can safely withstand results in 
longer life for the insulation. 

12* 15. Slot dimensions. The flux density in teeth at no load should not be more 

then 17 to 1*8 Wb/m«, 

A 

.*. Minimum width of tooth IFi (»<»)«» 

Parallel sided slots are used., Therefore, the teeth are tapered and their minimum 
width occurs at the air gap surface. 

Hence, maximum permissible width of slot W» nuplfi-fii <*<■>. 

The depth of slot preferably should not exceed three times the width. Deeper dots 
may be used and sometimes slots are deliberately made deeper in order to have a high leakage 
reactance which limits short circuit currents. 

12*16. Length of mean tarn 

Length of mean turn of armature, £m«»2£-{?2'5?-f0'06 kV+0’2 .--(12*9) 

and kV** voltage of machine in kilovolt. 


12*17. Stator core. The value of depth of core, d«, can be calculated tw 
assuming a suitable value of density B The value QgJlMLdeBiby In the artaaiunt flrtil of 
salient pole machines lies between 10 toTTQHBSL- 

— - - — ... £ 

Depth of armature core * tmm 2xZtxST 


A Outer diameter of stator 
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12*18. niminitios of Harmonics The details of harmonic* and their elimina- 
tion have been given earlier in chapter 6 (we pages 290—903). However, some more details 
are being given here again : 

The primary source of harmonics is the non sinusoidal field form, if this can be made 
ttatfaoidali fhe harmonics would be eliminated. A field form, which is nearly sinusoidal 
can be obtained as explained below: 

The major reluctance to the path of flux ii offered by the air gap. If the air gap 
Is made to vary sinusoidally round the machine, the field form w >uld be sinusoidal (the 
mmf should be same everywhere). In salient pole machines, the length of air gap is 
made to vary sinusoidally as described in article 12*12 on pag: 742. However, it suffices to 
increase the air gap gradually from centre outwards towards the p.»! - tips. The length of air 
gap at the pole tipi is about 1*5 to 2 25 times that at the pole centre, as shown in Fig. 12*25. 
Afl approximation of sinusoidal field form can be obtained by skewing the pole faces. 

In cylittdrical rotor machines, the length of air gap is constant around the machine 
and therefore the only way to obta n a sinusoidal field form is to make the mmf of the field 
winding to vary according to a sine law. This is done by distributing the winding in differ 
rent slots. 

In this connection it may be mentioned here that on account of saturation in iron 

E arts, the field form cannot be sinusoidal in salient pole machines even if the air gap length 
i varied sinusoidally or in cylindrical rotor machines even if the mmf distribution in space 
is ma J e sinusoidal A fair degree of saturation in iron parts is unavoidable but a high 
degree of saturation should be avoided to obtain an approximately sinusoidal waveform. 

An ideal sinusoidal field form is very difficult to achieve and therefore harmonic 
emfs will be generated in the winding. The redeeming feature is that the harmonics 
can be easily eliminated from the voltage waveform by proparly designing the windings. 
The different methods for elimination of harmonics from the generated voltage are : 

(t) Distribution. The armature windings are not concentrated but are distributed 
In different slots. The magnitude of harmonic emfs depends upon their distribution factors. 
Hus distribution factor for harmonics being small as compared with that of the fundamental 
and, therefoie, the relative magnitude of harmonic emfs is small. (See page 296) 

(ii) Ghording. In short pitched coils, the emfs generated in the two coils do not 
add algebraically as explained in Art. 6'30 on page 294. The emf generated is proportional 
to cos (ns/2) where a is the angle of chording and n is the order of harmonic. The harm* 
Bionic emfs can, therefore, be considerably reduced or entirely eliminated by choosing a 
proper value of a, the angle of chording. 

(tis) Skewing. The slot harmonics can be eliminated by skewing the pole face. 

(fa) Fractional slot windings. The slot harmonic emfs can be drastically reduced 
and even completely eliminated from the output voltage wauaform by using fractional slot 
win lings In fact, present day synchronous generators r invariably use fractional slot 
windings on account of the fact that these windings giro a much .smaller distribution factor 
for harmonics as compared with that for the fundamental (See page 298) 

(«) Large length of air gap. If we use a large air up length, the reluc¬ 
tance is increased and therefore the magnitude of slot harmonics is reduced. 

The flux pulsations can be reduced by having the number of slots per pole areas an 
integer plus f. 

Example 12 4. Determine a evitable number of stow and eendnetore per dot, for the 
defer wfedfep tf a * phase SSQO V, 50 Bt, 300 rpm alternator. The diameter ietSm tad 
& arfel length ofoort to 0*M m. The maximum Jinx density in the air gap tkttdi be approed* 
iMfely 09 Wb/mt. deeame sinusoidal Jinx distribation. Use tingle lager winding and elar 
t o mmtm for etator. 
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Solution. 


Synchronous speed n*«*300/60*=5 r.p.s. 

2x50 

Number of poles p— —j— —20. 


Average flux density in air gap J5a*—(2/w)xO‘9«>0 574 Wb/m*. 
Flux per pole»0 574 X *72*5 X 10"» Wb, 


3300 


Voltage per phase 1910 V 


1913 


Tuna p«r phase *V»- TuxSoTraT^xO^M- 12 * 


The slot pitch should be nearly 40 mm for 3'3 kV machines. 

Slot, pa pole per phase }— 3 x^ 0 x^ 3 * 3 ' 

As we have to use single layer winding, therefore an integral number of slots per pole 
per phase has to be employed. 

Total number of stator slots S~3pq=*2x2Q X 3=180. 

Total number of stator conductors 62V—6 X124— 744. 

Conductors per slot Z»—744/180c*4. 

Therefore, total stator conductors used—180X4—720. 

Turns per phase used 2V*—720/6—120. 

Thus^here will be a change of about 3 percent in the flux density. 

(The flux density will increase by about 3 percent as the turns per phase used are 120 
instead of the calculated value of 124). 

Example 12 5. Two preliminary designs are made for a 3 phase alternator, the two 
designs Offering only in the number and size of stator slots and the dimensions of stator 
eonimiors. The first design uses 2 slots per pole per phase and there are 9 conductors per slot, 
each slot being 76 mm deep and 19 mm wide, and the mean width of stator tooth is 26 mm. 
The thielmess of slot insulation is 2, mm; all other insulations may be neglected. The second 
design is to haue 3 slots per pole per phase. Retaining the same flux density in the teeth and 
current density in the stator conductors as in the first design, calculate the dimensions of the 
staler slots for the second design. 

The total height of Up and wedge may be assumed as 6 mm. 

Solution. 


let Design: 

Slots per pole per phase g—2. 

Total height of conductors—75—5—2 X 2—66 mm. 
Height of each conductor— 60/9—7*33 mm. 

Width of each conductor—19—2 X2—15 aim. 

Area of each conductor —7*33X15—110 mm*. 
Slot pitch at mean diameter—19+25—44 mm. 
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2nd Design : 

The number of slots per pole per phase is 3. 

Therefore, the number of stator slots in this design are 3/2 times that in the first 
design. 

Number of conductors per slot in this design are 2/3 times that in the first design. 
Number of conductors p-r slot=(2/3) X 9=6. 

Slot pitch at mean diameter»(2/3)X44**29 3 mm. 

Tooth, width for same flux d°nuty in teeth**(2/3) X 25= 16 7 mm. 

Slot width—29*3—16*7—12*6 mm. 

Width of each conductor ■* 12*6 --2 x2**8'6 mm. 

Height of each conductor**! l0/8'6«* 12 8 mm. 

Total height of conductors** 6 x 12*8=76*8 mm. 

Depth of slot** 76*8+5+2 X 2 «*85’8 mm. 

The slot dimensions are 85*8X12*6 mm 1 and the conductor dimensions are 
12*8X8*6 mm*. 

Example 12*6. A 1000 kVA, 3 300 V. 50 Hz. 300 rpm, 3 phi at alternator hat 180 alott 
with 5 contactors per slot. Single layer winding with full pitch coils is used. The winding is star 
oonntoled with one circuit per phaie Determine the specific electric and specific magnetic toad * 
ingc if the stator bore is 2 0 m and he core length is O'4 ns. Using the same loadings, determine 
the corresponding data for a 1250 kVA, 3300 V, 50 Hz, 250 rpm, 3 phase star connected alter • 
nator having 2 circuits per phase. The machines have 00° phase spread. 

Solution. 

1000 kVA Generator: 

Total conductors**slotsX conductors per slot*"180 x 5=*900. 

Turns per phase TVs**900/(2 x 3)=150. 

Synchronous speed n»=*300/60=5 r.p.s. 

.*. Number of poles =2 X 50/5=20. 

Slots per pole per phase g , **l80/(3x20)**3. 

Distribution factor 3 , ""eu/Zlx 3 ) -0 96 ' 

With full pitch coils, pitch factor Kp*** I. Winding factor K***0'96. 

Voltage per phase Jff»»*»~^-»*1910 V. 

"**P-P<*> «-m»xljOxff- M ~ 598xl0 ~‘ Wb - 


Pole pitch t**« x 2/20**0‘314 m. 

Area per pole A,**0*3!4x0*4»-125 , 6x iO**** m*. 

Specific magnetic loading 5 «» 59 * 8 x I0~»/( 125*6 X 10“»)-0*476 Wb/m*. 

i 


•« 
• • 

e e 


Current per phase Ip*' 


1000X1000 

3X1910 


* 175 A. 


Since there is only one circuit per phase, current in each conductor JT«**current per 

phase«*175 A* 
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Specific electric loading ae— 

« 6 Xl J^ - 5 ° —25000 A/m. 

Peripheral speed —»X2X5—31'4 m/s. 

1250 kVA Generator; 


Synchronous speed »**=250/60— 4' 167 r.p.s. 
i. Number of poles p—2 x 50/4167 —24. 

With 3 slots per phase and full pitch winding K*** 0 96 


output co-efficient (7o«*U X0‘96x0‘476 x 25000X 126, 

• —a-*?-??--—e»2'39 m*. 

*• Co ». 126X4166 


\ 


Keeping the same peripheral spetd (i.e. 31’4 m/s) as in previous case, wo have 
a DX4* 166-51*4 

D—2'4 a, and D—2'39/(2’4)'—0'414 m. 

Pole pitch t—wX 2 4/24 *0)314 m. 

Flu* per pole ®-0‘476X0 314X0 414-C2 X I0”» Wb. 

If we have more than one circuit (parallel path) per phase. 

Voltage per phase JFpA— 4 44 / ® K* v 

With 2 parallel paths, a— 2 . 

. 2V»—__—289 

** ** 4 44 X 50 X 0 062 X 0 96 

Total conductors —6 2Va— 1 6X289— 1734 and total slots— 3 jpg— 3X24X3—216. 

Conductors per slot — 1734/216—8 03. 

An integral number of conductors per slot has to be used taking 8 conductors 
per slot. 

Total conductors —8 X 2 ! 6—1728. .*. Turns per phase T, a- *728/6-288. 

Example 12'7. Determine (he main dimension! of a 16000 kVA, l$'8kV, 60 Bo 
0t 6 f.p.m., 2-phase, star-connected alternator. Also find the number of slater slots, conductors 
per slot, conductor area and utork out the winding details. The peripheral spud should he 
about 40 m/s. Assume, average gap density^ O'6S Whfm *, ampere conductors per metre 
"•40,000 and current density-iA/om *. 


Synchronous speed is#—62*5/60—1*0417 r.p.s. 

Number of poles p— 2 X 50/1 *0417—96. 

Output coefficient C#-ll X0*955 X 0*65 X40.000X 10~>-273. 

A VLm &£ _ m ‘- 
Diameter with a peripheral speed of 40 m/s, 

^“.^“Kxrwii** 122 m ‘ od ‘•'W’* 1 ' 77 m - 

Fob pitch 12-2/96-0-4 m. 



s', 'i -- .... 


?-~**2'42. 

H '.; ‘.I 


' 75J 

.*. Flu* per pole #—-Bo* r £—0*65 X 0*4 X 

Voltage per phase 13800/^3 -7960 V. *« v ^ * ,, 

With one circuit per phase, .^VV. ,V« r , ■, 

to«riun kijbtw*. .<■>£> r.u Coijgysu: w ,»**.; ^.vaenA"* j ■■’ 

4 44/# K m 4*44 X 50 X 0*46X0»55 81 flfea2 * . 

An the terminal voltage Him tf ,«, <a| ( *d, ot »Mxmt ; 55 »«ahoul<l be ttted. 

eb.twnotatUy.|aa^|etiaip f e:i^ lf | ltt 1 a_»: J.p V ', yy jZ v 2 y 100 _ T . |1 _ 

,ttvfi»i 8 -« *u <«s s*.u,viil •, • 

Fractional slot winding is used and the number ofrsfets » so chosen Him the value 

Another factor tobe borne in mind is that with irMtiopal slot winding*. double lavee 
windings are a must. The re foreman even number of conluSdn taiist duiedi n each 

™ iy-" . . I •** 'TfcriW j*\ 

Assuming slot per pole per phase g—2|. Tola! number of slots-2} X3 X 26-648. 

The number of conductors— 6 TV *-6 XSt«*4§R* Wrtrt.t£-bjjl 3 1 . iy; 1 

. s j, ft t Conductors per slot^ 9 ^|^.f^ %twl . M | . ^,’V 
# ^, £here f,) r re ' a doble layer sending is hot possible witb*one circuit per phase. We should 
L ”n\ 0 ^conductors per slot 

iyOTt^flil J " sff^aPISI^ ,tf$*t the winding is 

tj N»« »ysf!*K'S'iS V> »«Ut «f#1« SMIiNs? s-rb s. * , , 

•f.;'.;Aimeg qwmbm « ot cuitfcS ffil< .nvowifri^i .v.tj ■ 

mMjjt »Jmi» *tuar,rc jab >c tatottCj ho* v\, r r. *.» . 

Turns per phase T.i— ox/uotr f T . 

” ** ” 4'44x50x0*46X0*955 

4fl ,*nuhtm *> noi»:*4, 

it X 648-•3380. 

S^“. lrtr "itW****' ooly 1 p., „« 

UM«b' tr < ’*'■ •>' •■• 

:. Nomb«oftmiu-j>/d-96/4-K mj!“ 

WM» 8 parallel paths, 3 units are connected in series fif'eAcfc p arallel oath This elver 
a lyaunetrical winding. “ *■ r?*,? !»’«• ims gives 

mtu&s guiwoiiol eayay^rikalea ed t ■<■, %> ,, • 

( O^p-pbm, tj p ^ 

Ootmi b> «di emdMott /irK fS it., s ' 


* Vi. \ '.*■** **->/ 


I path. This give! 


OtmwH ta«cheo»do«or/.-l(^;p 
Area of each conductor «•—$gvS|^ 


12’lf. A mstars pnsm—ete^g.^ 

ira^ulf^jk4-29?^^kV^^!r^«mT 

1 2A; white the length in the 

mum hS as Mdtm 


If* Jfwiw ^mjKTvdt * (<* $** 

■fwp»«lt eiMll «S^ S»r.#the«i ■$&»•> Ur* t 


mteM 
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p«*resistivity, Q/m and nun 1 . 

«*0 021 for copper at 75 # C. 

Therefore, the armature PB loss*»S /pi 1 ft*. 

In order to calculate the total copper looter, we mutt find out the average eddy current 
Ion factor K»{ at) 

From Eqn. 6 99 on page 525, £<(*)*■ I +(•!')* 

Now there ia significant eddy current copper Ion in slot portion of the conductors while 
it is very small in the overhang and thus eddy current Ion in the overhang can be neglected. 


Total armature copper kne 

-S/m'X ^-X»ri.«+tdkV , -(1*12) 

and armature copper lora-per phase 

- V X^tx»[ WK«IV-|^X*£ ] —(I2'IS) 

Hence, the effective a.c. resistance per phase 

r<..--^Xa[ WMa»Y-TpX*t J *—(12*14) 

Per unit armature resistance £«.« *»/piXf« « /Jp* —(12*15) 


1219 2. Armature leakage rea e tas i c e. In synchronous machines the value of 
leakage reactance is required for the ca l c ul at io n of die value of regulation and for this purpose 
an accurate estimate is not aeceeary. However, an accurate estimate of leakage reactance 
is very nacessa y in order to study and predict dm behaviour of the machine under sodden 
short circuit conditions. 


For the purpose of calculation of regulation, an approximate assessment is done as 
below, considering only the leakage from slots and overhang. 

The specific dot permeance is calculaied by using the relationships given in Chapter 4 
From Eqn 4 95 on page 172, stator leakage reactance per phase, 

sw-SX/JWJWM 

From Eqn 4*95 on page 172, overhang le akag e r ea ct an ce per phase, 

where Iw A#«* priCsT/tcg, 

and K* » taken from Fig. 4*58, pave 190. 

The value of overhang permeance may ha ca lc ul at ed firm the fbUoadim relation 
, JEW 

-.(«•!« 

where JtMI^SX 10"* fipr concentric windings 


•0*29x10-* fir barrel windings 
Total stator leakage reactance per phase m—serf n» 

Hence, per wfc Map NatfM8fri>^y 
4lpM, ' 

tptye«fM( 100 m dt4p. Tk 
nan w sgnrdswefm ff 



IhMUilMdikfln 

'fin!? IkisI 

wmfdm - 
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idtatlam. 

Height of insulation—depth of slot—height of wedge—height of conductors 
-100-20-60*20 nun. 

Therefore thicken of insulation ii 10 an. (The insulation is 10 mm at the top end 
10 mm at the bottom of conductors with the insulation between conductors being neglected.) 

|~]*10«xI0* ? . 

We have, slots per pole per phase g—4. Total slots—3pg—3 X 8 X 4—96. 

Total conductors—10X96—960. Turns per phase Tys—960/6—160. 

From Eqn. 4 95, leakage reactance due to slot leakage 

-8nx50x<ieo)*xo-6(-!2gMC Lina. 

Example 1210. Calculate (a) Ike else of armaiart win (6) Ike a e. ru iot aae e of seek 
pkao* for a 8 photo, 60 Ho, 8 polo liar oonnooUd oynchronom generator having Ike fvuewiag 

JmMm, • 

Polo pitch—O i m ; lino tarred—100 A l oleic per pda per pkaee—3 j unAmtm psr 
elol—6; grwm ostial length—O'8 m ; length of active copper—60 percent of total copper length j 

AM AM V 

average dig tarred loot factor—1’S ; torrent deadly 8——where fie the mere 
ed density In Afmm* ; ae, ampere ttaiaetore per metre on 4 ?• to Ike peripheral oped 01 mfe. 


Specific permeance of slot 



telntlen. Armature diameter 19—0‘S X8/x—0765 m. 

Synchronous speed ns—2x50/6—12*5 r,p.s. « 

Peripheral speed F«—nxO'TSSX 12‘5—28*8 m/s. 

Total number of slots—SxSX8—72. Total number of conductors £—72 X6—4S2. 
Turns per phase f*»»—432/6—72. 

Current in each conductor Is—100 A (as all coils in a phase are connected in serlm) 


• * 


/<£ 100X432 ^ A/ 

W »Z> «X0F7® 18,000 A/ “* 


Current density In armature conductors I— tSlSr+TT- 4 ** A/mtd. 

Area of armature conductor—100/4*2—23*8 mmP. 

Active length of each turn—2£—2 X 0*3—0*6 m. 

The total length of a turn is twice the active length. 

Zee—2x0*0—1*2 m. 

D.CL resistance of each phase at 75*G rs.*— 0*021 x —0*0762 Q. 

A.C. resistaaoe of each {dune re*—XsU»)Xrs«.— 13x0 0762—0 009 Q. 

22*21.' EaHeaaHan afahr gap length. No load Md mapper poll is equal tote 
product of armature mmf per pole a^theahort circuit ratio. . 

•% Af^Asmm- 

The walfce of armature mmf Per oato JftiWfj &tffrC l fa h O mmme iawL » .* 



a,mn ratf!Ai. MACKSUB §MU 

JAUI “llw 'IN' P 


"fc« 


A ATjo" 2 7 M£#fg LxaoM W'^Miftt-19 

Thus thV value of no load field thmlf can Iws estbnatecl !>y assuming a suita&e value 
for short circuit ratio. 1 ‘ ' 

i ’ «<lw^d/or dvnng.the.tfu* across the air gap Js,approximately 8ft% oC|hf 

load sSeia mmf ana this .assumption enables the mmf required for air gap to cm 


no 
estimated. 


Mmf required for air gap*«0’8 AT/»** 800,000 B§K§lt 

i 1 t 

where l?ftMmaaip)Mm %xdensity in the air gap (at CCjatre qf the pole). 


i » 

i 


Length of air gap at the centre of the pole ft*^ "§QQ ofi ff 



*Kt ATu, 
1000,000 B„ K, 


...(i2 20 


Isampl * 12 11.' v4 500 UFA, 3 j kV, SO Be, 600 r pm 3 phase salient pole alte'natoi 



lead field mmf and the winding foctor, 0 956 

Synchronous ipecd ».=s?$00/tips*lQ r ( p,s. Polc*«2x50/10«»1Q. 


500X1000 


t '‘Current per phase 


i’ 


1X3300 

11 1 . .1'-. 2*7x87'4Xl«9X<i*9W , 

Armature mmf per pole AT**— -- “10 o2 A 

No load field mmf per pole A7Vo*“5C , J2x4T«»l*2X X4Q62«"48’5 A* 
Field from factor JT/es<{i-=t0 66. t . 

Maximum fW Entity in Ait gap B,IL -^£-L -.(Hll8 f W|>/m*,* 

Hmtto Itir gapw^Q0,0QQ.^f fa ItfifQP ATf* (gipeo)^© 8X4fl75, 


\ 


X u 
f 


* • 


Q8X4»7* » . ^ 

),oboxa«f»x4Mi ^ “• 


Lentgh of air gap 1st** gjjjj* 

Example 1212. The following is the faigp .iota available fur a 1250 kVA, A phase, 
$0 Hz, 38&W, etto dnnecHdfioO r pm afrertMfr " * 4 1 a 

Stator bore I>~ 19 m ; rtator tore length faVrW ; fioleare/pOepitehyO 66 * 

zzztrs!£ &&&£ 

zero value* in the interpohr region GefimdiU**^ *»n ' <> i < '*< it *tfl 

(a) epeeific magnetic loading, (b) armature mutf per polel? *** m ** *>' ^ . 

W <•***•„ *.*, t.„ ....... ,m 

U1U "« -nfawt rff. 

ndrSalMMMai’ i \ioq i<*i iwm f4<o lw»<d oil dl||M'*l qj>g vt* ta iiotiaft'iiiiiitd 4 

i wsinitvrfs 'rtj ftlw; MMiJmtu ms, tit ? 

T«t»i w»w> p ehfiW W fft^tisg" 900 - 

Total number of stator dots■‘900/5 ■•180, 

Wh\ »*Wt>art^twftpo>t Op iw 0 3 < 5% t| a« gttf T 
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81ot» per pole per^*ki»/(3X'2flK3) i t , , ,, 

Diatributfoo W 

Full pitwb epeused end eoKf-L * **. Winding faqtor if-«0'96x l -0 96. 
Voltage per phase J?^*S30O/y'3-*IQlO V, 

n “ <* r i” 1 ' •" TSSsfew-- 5 ’ * xl0 "* w >»- 


Area per pole “ 


nDL itx 1-9X033$ 


P 


20 


-■■0 I m*. 


Specific magnetic loading 21«**59 8 X )0“*/0 ] =0*590 Wb/m* 
Gap density over pole arc Bt+oSat/ty—Q 598/0*66 “0*907 Wb/m*. 

Current per'phase /»»- ™ *219 A 

Armaturemmfperpole AP»“ ^ 2I9 *q 5 < X096 —^250 A 


No load field mmf AF/#**SC , J?xA2 , ««r2x4^50»5100 A. 

Mmf required for air gap ATt ** V38 X 310 '“4480 A 
A 800,000 B, K§ lr-4*80 

or )«ph .fair gap J.- j^ioO^XilS “” 5 ' 38 mm 

Ezaapl. 12,13, A1260 HPA, i phase, SO Bt 3300 V, 300 r.p.m tynthrnotu 
generator with a concentric winding hot the following design data : 

specific magnetic feeding WkfaP i 

specific electric loading a e—66900 A/m ; 
gap length “6*6 mm« 

jlsfd tame per pole—60 ; 
short esreait ratio —1’6. 

The effective gap area ie O'O time e the actual area. 

Peripheral speed ie 30 m/s. find stator eor* length, etator bore, tame per phase, 
mmf for air gap , armature mmf per pole , and field torrent for no load and rated voltage. 

Solatium. 

Synchronous speed n*“5 r.p.i. Number of polep p“20. 


Output coefficient C s -ll X0*9MX0*58X33000X 10^*201. 

Q 1250 

“ Oens "201*3 


Product LPL 
We have 


—1*245 m». 


D“ 


Fe 


30 


1*245 


■ i ’9 m and L ^n'air 
on* nX5 (t'9) 1 

^reaperpole «.* , “trXl*9xO*345/2O“0'lO3m^. 

plus per pol* ' “0*58X0 IP3“59‘7 x 10'* Wty. 

Vohege bhir phase Jf*“3300//3“1910 V. 

1910 


A*" 4*44X50X59*7X 1(T»X0*955 " 15 °* 

.* "~ “ r . , 


-0*345 n> 


f 
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. 27X219X150X0*855 * 

Armature mmf per pole AT ** * ^ .. "<4240 A. 

Effective area per pole *"0'6xQ*105*»61*8X lO"* 1 m 1 . 

Effective gap density K t *-59*7 X 10“»/(618X l0~»)-0*966 Wb/m* 
Mmf for air gap?»900,000X0*96 X 5*5 X HP-42*50 A. 

Field mmf per pole at no load <d2%— 1 *2 X4250—5100 A. 

Field current at no load —5100/80—85 A. 

12*21. Design of Rotor 


(«) (*) 

Fif. 12*29. Reetaafulet and rouodhheped pole bodies. 

Flu* in pole body 

leakage comfficieatxuseful flux per pole—(7t® ...(12*21) 

The value of leakage coefficient Oi lies between 1*15 to 1*2. 

Area of crosi-section of pole body Ap*"QplBp. 

The flu* density in pule body Bp has a permissible value of 1*5 to 1 7 Wb/m! 

For rectangular poles shown in Fig. 12*29 (a), 4r"0*98 Lp bp. 

The axial length of pole* Lp, is taken equal to gross stator core length L. The stacking 
factor for pole laminations is taken as 0*98. 

For circular poles, shown in Fig. 12*29 (5)» Apm( i»/4) bp*. 

12 2t 1, Height of psde. Since the dimensions of the pole, yoke etc. are MX 
completely known at this stage, we can have only approxi¬ 
mate estimate of the value of field mmf. 

* An approximate estimation of full load field mmf 
eon he made by the method given below t 

No load fteU mmf AT/t^8CRxAT» 

and armature mmf par pole dF«—2*7 /«* 2V* Eet/p. 

Referring to Fig. 12 S0, 

(s') Draw oe—47Vi». 

(ft) Draw ab-dJV at angle (90-8) *o n, where on 8—power fheter (lagging). 






i 


0K<) Cut ofn wch that us/aft « dfr > 

when JCr ii called Ae «M reaction ee-^idwtt which depends upon the ratio of pole an te 
pole pitch and its vhtae can be telln fomflg. It'll. 

(is) Join m and eitaod It. Dm * parpendicular from ft on os extended, cutting 

itatd. r-r-r 

«l«fl(UI mmf at full load with power factor cos i (lagging). 

(This is only an approximate estimate wherein resistance and leakage reactance of the 
amanwwMhghiwliwM^i^ 

The radial length of winding can be approximated by adopting the following 
procedure. 

Copper area of Add winding v0 

full load field mmf ATji 

" current density in the fceU winding " 1/ 


_ mg load nm mmr ath 

m current density in thefceU winding “ •/ 1 

The value of ^ may he taken between 3 to 4 A/mm*. | 

Total space required for winding Kf 

woopper area/bpaoe buster. 

The value of space factor lor strip on edge winding 
may be taken about 0 8 to 0 9. (If Other types of conductors 
am nsed the space hector .can be taken as 04 for small rounds 
wires, 0 05 for Urge round wires and 0*7S lor large rectangular 
conductors). The height of the fUttig b k known by 
dividing the total space for windfall by the depth of the 
wfafaMttt. 

TabU 12 3 gives the approximate values of depth of winding d/. 

.% Hdght of winding w faidln| area t 



EgJJLSIi 
Pels pitch 

Rt.}2‘Sl. Gross rss ct ioa 


Height of field winding may be esttaurted by uring Eqn. 9-4l J p*geMl .' * f 
Mmf per metre height of field windUg*" 10* xV^/4ff/ 


I winding V—? 


r« 4r*depth of winding, 
sW/m*. 


The value of# may be tiinalaiidas nndsr t 

no.« ai »U «« far aorntfam tfls o— 9*^ _ 

^*jweew ^n^wpenr ‘1 

*"• Specific loss dissipation !*- ■ W/a^-CT. 


1 •* r 7 * jw- 


Vt/mP 




► V! ' ' > 1 ' 

Mft »«f*N 'll t. 


*0 jmmmmmm 

wbm 0—permissible tem&raitaeVise!’ ' >u %c th> M * ’ rr ** 

ti» ™. M ofp.fmb.ibt. ;:',: v',^ 

In order to know the value o£t^4|dulJMph of ppie, we tm»« «d* m ^ winding 
height, the height taken by flange* etc. (Fig. 12 4l), which is usually about 20 mm plso 
the height of pole shoe fo. The height of fhej$9 t fh^ bMjjkk^ f^Qfn the pole drawing. 

Height of pole body hp—h /+0 02. (> tlJ> } ,.,j k w ,» 

1 The value of ratio of radial ieqgih ofpoie to tMlk^ptelTis ^nw**ll/4*|tfcil toD'S to 1*5. 
The smaller value is for machines with a smaller number of poles or larger pole fritkfe. The 
large value is for machines with large number of poles of smaller pole pitch. 

Bxaneple 214. A 2500 WA, 225 rpm % 3 phase. MBs, 2400 V, star connected 
client poU alternator has the following design data i f ' T 

, A t At ► » jlvi u >m' ** 

Slator bore m2 5 m; core lengih**0 44 m ; clot per pole per phase-£, conductore per etot 
mi ; ckcuUe per phom-2 ; leakagcfoeiermld 4 windtngfdctafmO 0&. 

The fiuc density in pole core ie 15 Wb/m\tiu winding 4evih js 30 mm, the ratio of 
full lend field mmfto armature mmfis 2, field %Mdtng space Jabot U 0 34and the field 
win din g dicdpatec 1300 W/ m« of inner and outer surface without the temperature rice eueeeding 
thg permissible limit. Leave 30 mm for insulation, fidngee and height of pole shoe olmg the 
height of pole. 

Find (a) the flux per pole (*) icOgthemd width of pole (c) winding height and (4) pole 

wj V 

% ^ 

Solution. t f f 

Synchronous speed i»t—225/i»0—3*75 r.pj 

Number of poles p—2 X60/375—32. 

Total number of slots —3x32x 34—336. 

Total number of conductors 2—839x4—134< 

Turns per phase 2Vs-13^4/6—324^ 

These turns are connected in two parallel pal 
Voltage per phase £j*-24Q0/V£-1390 V 

We have from Eqn. 12 8, 44‘S*IS fhfl 


Flux per pole 


1 





T&xmmmn “^* l0 ~* Wb “ 

Flux in pole body ♦*-(?< iMHfSk 8^d^h58*9x l<r» Wb. 
Ana of pole body 1<)^ m*. 

Length of pole body Xy—length of1k^t^'1bdinasO*44 id. * 

Width of pole body a * ,, * 

Ourrent in each phase t Wf SrT *490Q A* ^ 

A Oumnt In each conductor JS—100/2 mSOO A. 

■fam thm an two tinoto po-phut. f?* 1 * 

Mm M. n-f p« pofc tSSBBMSSSi-»» a. 







^ FMia: mtab ft KjiWfeHtflf #$»«»*■* 

From Eqn. 9*41, mmf per metre height of winding 

W rt/tiq }*>5* ear/i tr ‘j&iiiisfiMffl 


o«tiw»W,5W A. „ „ 

• oi whiii m ,,';;H 


Height of pole-height ofwihdl«g>4 i hWgh^f rwrtlatteO^Oi W’Od^O 19 m 


upon the purpo»«»^whic»^iew^fr<?i»td»Q*i « synctironous generators, it is proviaea to 
suppress the negative sequence field and to damp , the ojKjilla j mi ,w^e/i th| machine starts 
hunting, while in a synchronous motor its function is to provide starting torque and to 
develop damping-power whehi ilih ftfii&MJgftcit hinting. . 

The design of dafope^ 'folding tb suppress iditerse rotating field is discussed below : 

1 he amplitude of muahf $4P|«'W^nw-plsaae of a polyphase winding it 

obtained from Eqn. 6 78 (page 312) by putting |w*Q sand *w«is/2. 


From Eqn. 6*77, 


AT x ~&Afm : X%* h -‘ ■■' 

* w *j.iiJ’ 1 - r 


ATm—q Z$- 


OiMt in each conductor 'frtifrti aiid^conduttott p* slot Z »±2 f fifty. 


v -an»^ 

This pulsating mmf ran be r^pol^id . JgUKfe two 
rnchronous mmf and the other in vena, mm % i each having 
tie'damper winding is (o suppress IM Mfe s 'bt«liig ’fell 
evelop an equal mmf as that of the inverse field. 

Mmf of damper winding!" . 

* ! ' :vi * V jU ft* 


, 1 . 1 »^ t tA, .'v 


- ’« '• « v * 

> ..(12*22) 






J 1 "j "H* ) 




Ampere conductors * m ' l L ’ 

Mmf of jfeppqr w|ndi«fir . . » 

_i5L x -S*Z-*o*955 

*4.." '4* .j ® 

*»9’t4* «*,* ...(12*22) 

Let be the total area of ds^s^r^bari per pel* “»<* *«be the current density in 
in bars ■ *' ;•> j ».’ ,lV 

.... dWs-0'14|Miwflr Ad-O liS ue i/U 
The area providedfor ^Srnffcr Inpipit |f ? f*Sfcter-- <• 1 

“ dll. to pnttte. v5 . . „ ^ 

Amn per pole o(dnmpe^l>i<i3i| jbldatf. I:--,*. •> ' J 

«*oq *|4 nbiad «i tebic nl ^ JBdi; U 1 J 

. .y^u »dT .*& 5rfjr•*/(*’tf* *?£ ut « it dfe Si g?l !: 

^ .»ibq gilt 1o »feoi*n$mib urn'M *nft WWS 

The total Iran of damper wiodifcg i* disfrflwtnd ' , ijgvoii^. 

l ui tf fis**wn » i ..w* «h p p S% v$m****M*mi ft?" ' 

o rf4w«H w « wr a th trwv gqt leMfsetoi To anfi nH^sii ban «lyi* In anu flnt. 


h| 

Sir ,«u 1 



«fkar* fafa* The damper winding slot yitcbis i^appre^tastaly equal tortaftorikx 

He aloe pitch of damper winding* made different from stator slot pitch by about 
*0% 2a order to reduce current induced in damper windings by tooth ripples* 

A Bale arc—number of bars per poleXptXO'8. 

The length of each damper bar L»m i*l j& for small machine! 

—Zr-irOi m, far larger machines. 

Gross section of each damper bar 

total area of hew per pole 
* number of damper bars per pole*" Ifa" 

^■■number of damper ban pm pole. 

In earn of circular ban ed*"(n/4W 

fa "-diameter of damper ban. 

Thu aita of each ring short circuiting the ban 

fa*v«»(0‘8 to 1) fa ••>(12*29) 

Fig. 12*32 shows the position of damper ban. 

Ihwu mp l e 1219. A 1888 kVA, 3 phase, 6600 V, mUtnt pels eftsmofer has fhs 
/stfetsfaf data s 

far gap Oamtitr—rO m ; faimih of erne—8*85 as: ssnhr tf poUt—10 ; 
eems rs ssneesters psr awln««88888 ; ratio, pels ore: pels pits*—#‘88; staler , 

■finnS sn rr s a l density in damper kmt^iAJmm*. 

Duty n o su lfaWt daespsr wfodiny/er ihs a m e lia s . 


eiol pitch 


Fob pitch t-»X 1*6/0*2-0*251 m. 

From Kqn. 12*24, total ana of damper ban pm pole 

0*2 net 02 X 28000X0*251 


fa"* 


•473 


Is 3 

The pitch of damper bars is taken as 0*8 times the stator slot pitch 
A Number of ban pm pole 

» pole arc 

0*4 X stator slot pitch 

“ 08X2*8 


•»s« 


numbm of ban 8 


Area of each bar 

Haanrim af each bar fa—8*7 mm. 

Lsmgthof each bar -rixJ&-l*lX©-4»atO*Sm. 

1181*3. Heigh* ef polei fame. In order to_dmmmtos brig htly ofthepoie shoe 


(Fig. 12 34), it is necessary to fat up height fa. Tbs height fa sbouTd baiuffdent lo 
■mnmnlsr damper winding and therefore, generally, fa—2fa. 

1331*4. Pale penil e Irtwiaf. It Is essential to draw the pMtfle 
oidrn lo obtain the various dimtnefous of the pole. The ps e tfats far « 
fallows t 

AiltlsdlSculttodrawtbe whole drawing nfpffn along tffah s wam 
ofay the centre hoe of tbs pole and centre ttneofinteipoiar spare Is drawn faff 



rtmcatoNOM tfAcantM 

r ‘ 

M e chani cal angle between centre of pole and centre of interpoUr apace, 

*-360/2p-180/p 

and radius of stator bore r-»D/2. 


m 




Let OP be the Hoe corresponding to centre of pole and OA the centre line of inter* 
polar space (Pig. 12*43). Now OA is to be located with reference to OP. 

Let OP-r 

and therefore *«»r sin f and p<**r (I —coe 9). 

Line OP Is drawn as vertical and therefore points P and B are located. Point A Ian 
be located with reference to P, with the help of above relations i values of » and p. In 
order to fix the direction of OA another point A* is needed. For this, 

“tan 8. 

As r, >' and f are known ,»' can be known and thus point A' is located with respect 
to P 1 . Thus by drawing a line through AA\ line OA is located which represents the centre 
of interpolar space. This way all the points 1, 2,3, 4 etc. (Fig. 12*34) on the are AP can 
be located. Hence the armature surface is fined and therefore the pole shoe surface can be 
drawn by knowing the length erf air gap at various places and the type of pda shoe and 
pole arc. 

The pole shoe drawing is completed by islng the height of pole shoe. This height 
is fined by the damper winding as explained in Art. 12*21*3. 

13*21. Magnetic drenfe. The fundamental relationships for magnetic chedt 
calculations have already bean discussed in 
Chapter 4. The magnetic circuit fbr a 
pair of poise for a sanest pda machine Is 
shown us Fig. 12*33. 


W-lc—H 


(« 


gnp. The cal¬ 


culation of mmf required for air gap is 
t.4*4l 


explained in Art. 4*4*1 on pate 122. 


Faratle&d Slots am used in synchronous 
machines end th ere f ore the teeth am 
tapered. Theasmf fir the teeth is femtd 
out «r finding <n» dentity men at 1/9 



lyj'll 

Hn 12*31. Matpeiie draft. 




<*««,* k nu<mnf*MP 

tUBCMCAt MACttOiS JMtQM 


From the itandard k —at curve* Ae vajfe 

i found corresponding to %(. The left^tn or m* f 1 *® *° ^ teeth » equal to the 

■ ‘ i n»hr t fit 


can be found corresponding to The ftmgth of nw path in the teem m equal so the 
depth of the slot d,. 1 >v «*" * ‘ ’ n,lbn ,u 

(Hi) Maaffor core. Corresponding to thii flu* deniity B* t the mmf per metre ol« 
foe the core it found from Fig. 12 36. * 



pitch on the 
...(12*36) 



*t A/to-o- 


Fie. 12*36. *J— «r‘ Curve for dynamo sheet steel. 


r » _t_it__£.1 A... Jm. tltii laaVaM flllV MlttMTl flAlft JllAM liAIM ttttf 


ich croaeei 
tbepdteia 


■f- 


^The^vgtiie* offl» 

" \ f^* 4 «f4 




-- - -~ T*. -viw—wrr-- ^ mi 11 * 1 * V* ^ T I dWTir 

n» the leakage flux be*w«m jmrffefl*, white !§#» 
rptui the leakage flag fiw&.bah, WM*** WdWtoWWr 
i minimum while at the bottom It n maximum. . 4 < ,* 

yU lAal'kw^ 1 ' fitu >.*(I2’JD 

(1228) 

- Ms* un; /X: 


A i f v ■ * *»■* p | • 

*°ft» ( ^iiir )3 vl *ie»M f« 

TV 1 . * . t<* 'umantii a* iw f > ew *’3h i>sh*i 

[ft 1 "‘'M WK ^.X-.Tr' 


*mm $&&i )ikw**m*9 vj %W <oi 

’ y » r Li 1 ^ / w * liffW ** hsro w t’als 1 *H> hTI 

t' ah **( wk -ot'tiiTr 




' 1 * *} P ’ f t*j TP 




4od minimum flax density In the pole body B, 

The mmfj, per mett*rrelpbnding to Bmm-% end i are found from Fix. 12 37 
-and let them be ofa*lVantTa|j^ty?""*"*1 sisim-.ojw a« a, ■»t.»p»Vu.u ?,*->} 1 

Therefore, total lv . . £{ ..* 7^4 . 

" 1 11 ^ v '' ’’t' I ' • 'ti-i* 1 ' V' t 

AT,~=atp ( nsf). -j +at, t m<n t ! t. ,>•< ;, :...{t* 29 ) 

. \ A * * ^ * V% / * •'■,1 t.Tf;* 1 


Mmf for yo^e. FJ^x in. the Jjoke 


Area of yoke, Ay—length of yokeX depth' 6f yblte **’L 

Flux density in/tbe yoke 


rr— , s . . h^30) 

Pdk'iV 


...(12-31) 


Corresponding to this Auk den-ity and the material of the yoke, the mmf per metre 
«Mor the yoke is taken from Fi| |2 36 or Fig. 41dep?nding upon [the type of m iterial 

•*. Mmf for yoke 

where ^r-path of magnetic flux through the yoke which it taken one half of the pole 
pitch on the mean diameter of the yoke - . 

w(a,-2A*-d») V 

-- 2p - '■*: ...(12-32) 

Total field mmf required at no load 

Ait goo 

AT/o*"ATi-\-ATi+AT» -M 7 V -MTV ’* ** ' «t»«\y ac «- 

&■ «» / i - 

12 23. Open circuit characteristics. £ u / ^****~~ 

The open circuit characteristiot- ffikfr ■> f'Mi w&w*Yir,i i m . 

relatipn^wefgf#hft 9 |prqd«»a|i.;yplt|fer s n* no,iv,;5 t'^Jrjo taJuxti rj.si 

load and the corresponding field mmf per t •* - ; A I .r 1 - 
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l.rj^ ..r-TvxTV* 
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Let this be equal to rilW 
8. Plot od—ATm to sane scale, 

8. Draw ds—field mmf equivalent to armeture mmf per pole at full load perpendi¬ 
cular to of at d. 

Field mmf equivalent to armature maf per pole— ^ pg, 

9 

The value of (See Eqn. 8*78 on page S15) 

10. Find the value of from Fig. 12*33.) 

On line de cut oft4f>~KrXde. 

11. Join qf ard extend it. 

12. Draw a perpendicular from a on ^extended cutting it at gi 

Then* og—full load field mmf AT#. 



Mg. 12*38. Detetmiaatioa of foH load M4 mmf. 

12*28. Design of field wiadttag. Wire wound coils are generally used for 
with a small number of polos. 

The field ooiia of small alternators having large namber of poles are wound with gbus 
mtangular strips. 

The field ooik of targe slow spmd alternators urn strip on edge winding wherein the 
hart nonpar strips are insedated from u^ other by 
ItWttuwi insulation. Fig. 12*88 shows a field call with 
imp on ion oohomdui me wnm o» cpnoucpm 

* w w « g| t n m n i 

d v h. 1 1 aaa^m^yuMigi 


liar machines with class B insulation, rise Inter- ernwr 
ttwn ineulatlon w—i—r of 2 levers of wealed aSbeelM 
paper, each lamr hawing a taidtnaM of *8*18 mm. 
ant mud thkhnees dffnteitiirn hwu f t thw It thaiamte 
HI an. Invar In the Ibvm of atailglt adp Is 

ttkMtubd at fim —u and at the ends. The mnu# enhw 
ohv^o bbbobI^ BtVooiHOOitliB 






Mk nm HMtatidvttfc m* 



IYMOH&OMO03 MACrom 


Tbs Mptratun should be high enough so that peyueriaatfon of interturn ineolatimi is 
^unpltte. Due to pressing end consolidation the thicaness of interttfrn insulation is reduced 
from 0’S# mm to 0*26 mm. 

For machines designed with dassF insulation, the interturn insulation eonsliti of 
S layers of 0*18 mm thidk epoxy treated asbestos paper. The paper layers are held by dabbing 
ep oxy adhesive. The flanges are mouldings epoxy resin with pass chopped strand mat. 

The pole body insulation is of epoxy glass laminates and is 4 mm thick. 

The coil is consoliidated under a pressure which varies 4 to 12 MN/m 1 . 

In order to caclulate the length of mean turn of the coils the plao is shown in 
Fig 12*40. 

X^-2Iw+n{kr+0*01+ < W ...(1234) _ 

with i»«*0‘9 I* and s«"0*05 L, j 



Pit. 12*40. GsMeion of Isuftfcof 


1. In order to design the field winding,the exciter dt|(- T j 

volume must be known. The exciter voltage varies ** *~ . * M * > I I 

between 50 V to 400 V. This is usually specified by the II 

customer. However, a voltage of 125 V is used for . 

snail and medium sise machines while an exciter 

voltage of 250 V is used for large siae machines. The 1 

field winding should be designed for a voltage from j 

15 to 20 per cent lea than the exciter voltage to allow s . J t 

for the drop in voltage between field and the exciter and V \V JJ j I , 

fallow for variations in the reluctance of magnetic \ ^ ^ J ' 

Let F< b< tt» exdtn nlugo. 

Voltage across each field coil ***• 

. (0 8 to 0*85) F « 

9 

(there being as many field coils as the number of poles and alt of them conne o tad in 
series). 

2. We know kpi the height of the pole From this we subtract the height of shoe A| 
and also the thickness of pool, flanges etc. and the space left is the winding height lift 

or ki—space taken by spool, flanges ett 

The spam taken up by spool, flanges etc. is appr oxima tely 20 mm* 

3. Now a suitable depth of windings if it assumed and the mean length of tum is 
evaluated. Table 12*3 may be used as a guide. 

Table 12*3 Field winding depth. 







*1 iifimil? L-,jf ilgl4 itti 

hx.shrs* r; typQn. 

1 Of 



Now 

. kit u*Mtl* n r>y.hi rJih •! ,ij i.-Vlf* »!>*.»■ t< >i 

or area of fit Id conductors «/*■ — ^ 

Thus the area offhe field conductors can ba calculated. 

5. Now fhe vftioe of the field current can be tJalbiifttteSd byasiuraihg & Stjhable valt 
of curreat|dei*Uy/$rtthe fiel&cortductors. 

C|lfi > eqt i^ify In field, coifed uc tors, if, is 3 to 4 A/mm*. 

.*4 ] FifeIdjjurrent //-Mit ddMMpK ama;*fife©hd»iA«rs*i8/•• ■ *» ■ 

A$ W.lmhiT'nf Ibfct eL. liflhvn .’•■!'!' .««•>.; 4 ltd :'Jtwo rj.Vi.tl ,v 

f; H rab ff 0f Tiftft 5 Alw elU*«» » , UT / ** « V ■ if .ww 

Since the Briber 6ffie|f turns is So b* > .wbpte;nw9bet» current jdanwty nay dmwuv, 
to be re |djus|ed|fc case a mife^d rjumb^^Mlhte^ed^f,,,. ^u,{ M Ttv.1: -w iriv jja«* 

7.|' Weknpw the winding apnce**nd thue We Carv^asify And Put whether it ft- possible > 
field turns or *ot. fia casethewi ndiogs^*ce fl viiilableir lew, iuetegselhe 


tv 

,.v 




depth anOFthf tjj^ace is mQl«^Me4reasfe i dfead•pth^l'^~willding4»•^^ ^ • '• W' 

., ■ • ■>“» 

'*^Qe^^dt^^a^h^lieldtebil at 75 # C, Qf m I/ % R/**Ij*T/(f fcmij)/a/* 

Tlds loai ia to Se dissipated by the field coil and theref6i^ We notuardhedc^thiit the tem¬ 
perature rise is within limits. yi -i is 

Dissipating surface of the coil is 5«2 Lmt (A/-f-d/). t 
id PiBfe WJ J ,'.;i,Yi,,,i Hit UN <'t*‘J» ;>Ki V»?t -T- '! Itnt‘.!>! sfv.'!*?} 

Cooling coefficient to rotating field coils c/— ^ dw**^ 

jleodt'tplda^iv . •«* -.4? ,fri ir nlf i*^w\>uai»W i 

A suifi#»-paliif ii^ahetVffor«#/k;>. •. ,» t .<** j-s,^ ~rYf»i»Tf ,;«'»•« "m ttmfeidt erfr o«U t**4» 

/• Temperature rise %•*(}/OffS. ,>». ^naft .iootft yd n**su %sd**'id >,■ 

The temperature HWHdt* tlib ^nif ^ ilWMld bet«ri«i^> Ihe fepliififedi'liinifii^ 'Wdictbeds 
the iiiimii* ’Idnfetynse ntha< d^MhrRctf rwindiaig^i T^inhdfeiprdmeaiti^i qitilM^ desmty iotthe 
windinp and thus reduces the copper loss. Alsphtogipme iflEdfeptME »efm i i4 ia| g IbctmmUv* 
^h«tdMp«b,mrf.«oftk.Ofpfagd 

9 ., The final check applied is to .ipfe^lIrmnmtvNl^j **8«eeilt field eofis fire* 


the pole drawing. The 


clearance between tihem ehemd be 15 mm 


— ITIfi. HU^iMfsili^fs aeffimt pel* aB sm a i ei ; 1 era u wtm rf mtfk a sfneh 
w hding if b*rt eopp* *rtp M mm imp, with mperaNwg h wi rfatm u mm OU. 
fid i mhi s iwtaib s sp df w f I s u p i ai, uumlcr e/tens* «ad lifilwiM a/ mwdmipr fn Inrsfnn 


S' ’■ H 
■, >. . , ir ’ 
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SYNCHRONOUS MACHINES 


769 


Solaticm. 


Are* of field conductor 


att JS&fdsH 

*/ 

_i;iwxWW? - 9)) m „|. 
5 


Height of conductor 


60-4 

"* 30 


a* 2 mm. 


Area of conductor -30 X 2-60 mm*. 

Total heat dissipating surface 5—2 Lmij (h+df) 

=2 X 1*2 (A/+0*03)=2*4A/40*272. 


Total 1 >as dissip ted G/-1200 (2*4 A/+0*072)=2880 A/48»i*4. 

_ . Qi 2880 A/4 86 4_ t ., c 

Field current//—-gr*-£-=5 7bA/+l7i 


Field mmf—// 27 — (576 A/4-1 7 * 3 ) Tj 

576 A/ T/4-17*3 TV—12000 -CO 

Height occupied by each conductor=240M5=2‘15 mm. 

Height winding A/-T/X 2 I 5 X 10 “». 

Subaituting the value of A/ in (i) 

576 X 2* 15 X 10“> 17*3 J?/= 120000 

or number of turns in the field winding 27—91. 

Height of field winding 2 * 15 X 91 —196 mm. 

Example 1217. A 3 phase 1090 kVA, 8800 V, 260 r.p.m,, 60 Hz Jar connected alter- 
nator has the following open circuit and short circuit characteristics. Using the synchronous 
reactance method, find the field mmf required at full load, 0 8 power factor logging. 


Field mmf. A 

1000 

na 

3000 


6000 

1000 

10.000 

" Open circuit phase 

410 

960 

1400 

1720 

2110 

2300 

2400 

Short circuit current. 

A 

11$ 

232 

— 

— 

— 

- 

- 


It the field exciter voltage is 110 V, length of mean turn is 187 m and the resistivity is 
0 08 Mm mi mm\ calculate the area of , field conductor. The field coil is a single layer 
winding ef copper strip, 38mm wide with an mmWwue/6 ft ««between turns The eater- 
nrt periphery is 169 « and if the lose dieeiptaed te 6000 Wjm* of external surface of the exit, 
calculate the atrial length of coil. 

Solution. Number of poles p=l 20 x 50 / 250 — 24 . 

Rated voltage p.-r phase F—5300/tf 3—1910 V. 

The abort circuit characteristics is a straight line. 

Short circuit current corresponding to rated wHage 7*»—X 232—462 A*, ^ 

1910/462ww4*13 Q. 


0 • 


Synchroooua reactance Ii« 

■ *'w MOOR10Q6^ t ««. A 

Rated fiillload current Iamw gtfZ§§ftT ■ ** 




1* 







770 RMCIKKMJL MAOBUia MMM 

Per aait lyachronoui mactance*/X f /P* 175x4*13/1910*0*376 
Per unit no load voltage corresponding (o excitation at full load and 0*8 power factor 


hfftac 


khf. 


*•* | +(0*8—i 0 6 )j 0 37 -1 227-fj 0*302 or J,-1 *28,: 

No load voltage 1 23 X1910-2350 V. 

The field tnmf corresponding to a voltage of 2350 V is 8500A. 

Field mmf required at full load AT/i*8500A. 

Voyage across each firid coil A/*«I J0/24*4'58. 

* J . 8300 x 0 023X1 ->7 

Area of field conductor a/** ■ ■ — — —-*58’5 mm*. 

Height of each conductor *58’5/38*l 34 mm. 

Suppose there are Tj turns in each coil, field current i» // and the height of field coil 


Space occupied by each turn along height* 1 *54+0 25** 1 *79 mm. 

Number of turns T/**^^j^r; 

Heat dissipated*5000X 1*49 A/*7450 A/. 

Field current Ijr*7450 htf 4*58*16*25 ht 

From (i) and (is). we have 


•••(f) 

••(«) 


IfTf 


1625 A/* 


i*79xl0-» 

But //2V*8500 
Hence A/*0*097 m*97 mm. 


•908x10* A/*- 




12 26 Determination of direct and quadrature axle synchronous reactances. 

The magnetising reactance p:r phase of a cylindrical rotor machine with uniform air gap 
and with three phase winding is t 

7*f4 fMKJDL . 

' Vut ,— xl ° 


flta 1 


(12*36) 


per unit magnetising reactance 1 «*/»* smJBn ...(12 37) 

To obtain the armature reactance in t’ie direct and quadrature axis for salient pole 
machines, this expra«sion must hi multiplied by flux distribution coefficients. 

Per unit direct axis armature reaction reactance X«*A« t X» •••(12*38) 

w ^ nri Adi*flux distribution co efficient for direct axis 

•psXAj ...(12*39) 

ps*reduction factor for direct aids armature mmf 

(8m Eqn. 887 on W'319) 

and Ai-W* ...(12*40) 

Per unit quadrature axis armature reaction reactance X«*A n X« ...(12*41) 

A«i*fiux distribution co>effic6ent for quadrature axis 

4 j+l stop* 

"" l “ * 

(twratio of pole aro to pale pMoh. 


...(12*42) 



ni 


Bar unit values of unsaturated synchronous reactances for die two axes are t 
Direct axis synchronous reactance Xa—Xi+X« ...(12*49) 

Quadrature axis synchronous reactance X«—Xi+X* ...(12*40 

where Xi is the per unit leakage reactance. 

The phasor diagram based upon two reaction theory for a generator is given la 
Fig. 12*41. 


K—terminal voltage per phase—Jf** 
/—armature current per phase*"/** 



cos 4*"power factor, lagging in this oase 

8 $—generated voltage per phase; 9#—no load voltage per (han 
I -power angle ; 4—f>r legging power factor 
/a—direct axis current—/ sin 4 
quadrature axis current—/ cos 4 . 

The phasor diagram for a cylindrical rotor machine is shown in Fig, 12*42. 



X«—synchronous reactance mJCi. 

The reduction factor for direct axis si m tur i m m f far cyttndrtoal rater mas hiU fs 


4 


~4t*m 




m 


FLBCTMOL MACHIMB MUON 


Example 12*18. A 2600 kVA, 32 pole, 3 phase, 20 Hz, 2400 V , star connected salient 
foie alternator ha* the following design data : 

Stator bore 5 m , co'e length-0‘44 m ; turn* per phase—224 i winding factor—0 06 ; 
air gap length—10 m ; air gap contraction facto*—lJ l ; ratio of pole uro to piole pitch—0 69 i 
ratio of amplitude of fundamental of gap flue density to mammum gap density-1'068 [ per 
emit leakage reactance—O'14. 

Determine the direct and quadrature avi* synchronous reactances. 

Solution, Magnetising reactance per phase 

p* *t 


7*54 X 60 X (224)* X (0*P5)» X 25 X 0 44 
* (32)*X(10X 10'*)X I'll 198 Q. 

Voltage per phase F—X**—2400/V3— 1890 V. 

Current per phase 1-Ip*- "* 600 A * 

Per unit magnetising reactance X»—600x1*98/1390—0*855. 

Angle embraced by pole arc a—0.69 2’17 rad— 124*. 

Reduction factor for direct axis armature mmf (Eqn. 6*87) 

«+sin a 2*174-sin 124* _ A nc 

P<, "llhW2” 4sin 124*/2~ "° S5 ’ 

Flux distribution factor for direct axis (Eqn. 12 39) 

A*i -WX 41,-0'85 XI *068—0‘9!. 

Per unit direcr axis armature rtaction reactance (Fqn. 12'38) 

Xu-Asi X«—0*91 X 0*855—0*776 


From Eqn. 12*42, flux distribution co-efficient for quadrature axis 

A 4<M-1 sin tine 4X0*69+1 sin 0*69 a 
An-— -—--5 x 0 46 

The per unit quadrature axis armature reaction reactance 
X«,-d #l Xs,-0*40xO , 855-0 393.‘ 

Per unit direct axis synchronous reactance Xs—X i+Xm^O 916. 

Pir unit quadrature axis synchronous reactance X«—Xi+2*,—0 5'3. 


Example 12*19. A 2600 hVA, 2400 V, 3 phase star connected s y nc h ronous generator 
hoc Ike following data*. 

Xs—0 010 p.u. i X*—O’533 p u Calculate the no toad voltage and power angle whan 
the machine i* delivering its rated current at rated voltage and 0'8 power factor lagging. 

Solution. A graphical solution is done for this problem Choose a pro per u 
ami draw 


oo*"1 representing the terminal voltage V. (See Fig, 12*43) 

Draw phasor of at angle «xT* 0*8—37* to ea representing current 1. 

At a, draw ao perpendicular to gk and cut off 
(0 ac—ixXi— t X0 916—0 916 

ami {«) ad-/xXf-1X 0*533-0*533. 

Join ad and extend. Drop a perpendicular from e oft od extended to cut at«. 



SYNChIONOUJ MACHINE 


m 



Fig. 12*43. Phaaor diagram far Example 12*19. 


Then oe«* no load voltoge E» 

■*1*67 p.u.«4000 V 
and power angle 8»18’5\ 

12*27, Short dradt characteristics. The relationship between the field mmf 
and the armature current when the armature is short circuited is known as the short dndt 
characteristics (S.C.G.). The armature short circuit current is proportional to the field mmf 
over a wide range and so the S.C.C. is a straight line. 

For the short circuit conditions, the armature current is practically in quadrature with 
the voltage, and thus the armature mmf has a demagnetising effect on the field. The voltage 
induced in the armature when short circuited is nearly equal to It si, the leakage reactance 
drop. The field mmf required to generate this voltage is found from O.G.C. and is eq ual 
to OB (See Fig. 12*44). The armature when short circuited has a demagnetising effect 
upon the field. The field mmf equivalent to armature mmfapsXAT*. 


i 

V 

I 

1 

i 




In Fig * 2*4S, BO ii cut equal to piX AT*. If CD equals the rated irnature currant, 
/, than D is a p <i»t on the S C.O. for rated value of load current 00 «uuals the field nnf 
par pole to circulate the rated armature current under short circuit conditions. 

12*21 Looeea The va i »us losses in synchronous machines can be cl ass ified as : 

(i) iron loss due to main field (is) iron lots due to parasitic fields 

(Hi) 1*B loss in the armature winding (ear) eddy current loss in armature conduct ors 

(v) stray loed loss (•») lest in field winding 

(vii) friction and windage loss 

(!) Iron loan. The iron losses due to the main field are the hysteresis and eddy 
current los es The weights of armature core and teeth are calculated and the loss per kg 
.can be taken from Eqn 4 58, page 149. The total iron loss can thus be evaluated. * 

(ii) Foie face loco A ripple is superimposed on tbe flute density wave owing to 
pres* nee of slots on the armature surface. Tbe ripple moves with respect to poles and in¬ 
duces eddy currents in the pole faces Tbe pole face loss depends upon the dot opening, air 
gap length, number of dots and tbe speed of the machine. 

The poles should be laminated in older to reduce tbe pole face loss. In practice, 
either the poles are laminated or when made of solid Iron, the pole shoes are laminated. In 
turbo-generators the rotor is solid but owing to a large air gap, the p >le face losses are small. 

In synchronous machines pole face loss varies between 25 to 70 per cent of total 
iron lass. 

(ttf) Copper Less, I a R loss per phase**/*** re.*. Tout J*R lou«3 /*** re«. 

(It) Eddy current lose in ccnductore. Eddy current loss in conductors have been 
explained in Art 6 <0 on page 320. 

Total copper loss—3 £«•*) /*** re.*. 

Where £*(w) is obtained from Eqn. 6 99 on page 325. 

(*) Strap land fore. Stray load loss occurs due to stray fields which appear when 
the machine is loaded. For example, the armature mmf wave contains higher harmonics 
of the order 5,7,11,13. These higher harmonic mmfi cause higher ha r monic fields which 
travel over the pole, face and induce eddy currents there and thus increase the iron 'lots 
at load. 

Additional tones at load may be caused by armature leakage flux in the overhang 
region surrounding the iron portions and the end plates. 

■ Actually strap field km may appear in the pole faces, core and overhang and end 
plates. This loss is very difficult to calculate and yet they may be compsu r able with 
whole of the stator 1*R loss. 

(t i) Excitation fore. Field copper toss**//*Xresistance field winding. 

Besides I*R lore there is brush contact tones on the slip rings. The following voltage 
drops may be assumed in brushes : 

for carbon and graphite brushes—1 V aad for brushes containing metal—0’S V. 

If the pilot and the main exciters are driven from the same shaft, the ton e s in the 
exciters must be taken into account. 

(oil) Friction and windage low. This ton consists of bearing friction and mar 
windage ton. This ton depends upon the type of construction, spied and ra ting of the 
machine and varies between 0 2 to 0 8 per cent of kVA rating. The higher vaHtrs ace tor 
high speed aud high rating machines. With hydrogen cooling the total friction ton reduces 
to 0*3 to 01 per rent of kVA rating 

12V. Tsmpnetwe rlas Thecakutottonof temperature rise of stators of rotating 
•tomfool machines k explained in Art. 3361 on peg* Ill. 
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DESIGN or TURBO'ALTERNATORS 

1230. Main dimensions. Thj valu. % e»f specific loadings for conventionally 
cooled ge r rators are: 

&.-0'54 to 0*65 W/bn*. 
tie«50,000 to 75,000 A/ir. 

T specific loadings now used in liwgc water cooled generators are ! 

0*54 to 0*62 Wb/m», 
oe*180,000 to 200,000 A/m. 

The value of stator b>re P is limited by the peripheral speed. The maximum peri¬ 
pheral speed is 175 m/s Normally, a peripheral speed of about 120 m/s is used. When 
peripheral speed is specin d, the relations!op 

0-lil KmBmacL —xlo » 

Si 

is used for calculation of core length L. 

Example 12'20. A 8000 r.p m , 50 Hx, 8 phase turS.altemator has a core length a f 
0 94 m The average gap family is 0 45 Wb/tri * and the ampere conductors per metre arc 03000. 
The peripheral speed of rotor is 100 mfs ani the length of air gap ie 00 mm. find the UFA 
output of the machine when the code are tf) full pitch (ii) ehorfai by 1 pole pitch. The winding 
can be taken as infinitely distributed with a phase spread of 60°. 

Solution. 

Synchronous speed n» **3000/60*50 r.p.s. 

Peripheral speed P«—*Z)r »*—100 (given). 

Diameter of rotor Dr* 100/tt X 50*0*647 m. 

Stator bore D«Dr+2i#»0'637+2 X 0 02-0 677 m. 

With infinite distribution and 60° phase spread, distribution factor £<*0*955. 

«) With full'pitch coils, pitch factor £»—1. 

.*. Winding factor £.*0 955 XI -0*955. 

Output, 0*11 Km Bm cm 0*1 n> 10”* 

-11 X 0*955 X 0*45 x 25000 X(0 667)«x 0*94X50 X IO“*-2480 kVA. 

{ii) Angle of chording a—180/3—60* .*. Pitch factor £»—cos a/2—0'866. 

Winding factor £.-0*955 X 0*866-0*827. 

Hence, output 0-2480 X (0*827/0*955)—2147 kVA 

as specific' loadings* diameter, length and speed remaining the same, the output of the 
machine fa directly proportional to tin winding factor. 

12 31. Length ef air gap, The length of air gap can be approximated by the 
method given below: 

Approximate value of armature ampere conductors per pole—ee «, 

Armature amf per pole ifs—se v/2 (approximate) 

,*. Ho load Said mmf ATf-SOB X ATm*"SOB x ac v/2. 

The short circuit ratio of modern turbo-alternators fa about 0*5 to 0*7. 

Assuming 80 per cent of no load mmf to be lost in the air gap, 

mmf required for the gap—0*8 SOBXfa v/2 

But the mmf required for the air gap—800,000 Be Mete 
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.*. From (0 and (*<). we’have 

length of air gap X 10~* ...<12’46) 

Taking a stall* jidal distribution of flux density in the air gap, B§—(n/2) B*. 

For all practical purposes B§ is taken as 1 5 Bat and Jl* as 1*1. 

12 32. Stator design. The number of stator slots per pole per phase lies between 
2 to 4 but tn the case of turbo-alternators 8 or 9 slots per pole per phase ma> be used. The 
slot pitch it norm illy about 25 to 60 mm but in the case of large turbo-alternators it may 
even be 75 to 90 mm. 

Single layer concentric or two layer short pitched windings may be used. The ad* 
vantage of single layer winding is that it can be easily clamped but it gives a higher stray 
bad loss owing to overhang running parallel to the end plates Also with single layer 
winding, it is not possible to chord and therefore flux harmonics have full effect. Two layer 
winding chorded by about 1/6 pole pitch is more common as it practically eliminates 5th 
and 7th as well as 17th and 19th harmonics, > 

The stator conductors must be subdivided and transposed to reduce eddy current 

losses. 


In windings of large modern turbo*alternators it is commou practice to assemble 
two conductors p< r slot. There are two parallel ciicuits per phase. The current density in 
the stator windings of moJern water-cooled generators is usually between 8 to 9*5 A/mm a 
as compared to about 4A/mm* in the case of convent ially cooled machines. 

The stator winding of turbo'alternators is deliberately put in deep slots in order to 
increase the leakage reactance This is done to reduce the forces under short circuit conditions. 
This has the incidental advantage of spacing the overh >ng away fiom rotor end rings 

Example 12 21. Estimate the diameter, core length, size and number of conductors, 
number of elate for stator of a IS MV A, 11 kVA, SO He, 2 pole star connected twbo-aUtrnator 
with 60* phase spread Assume : 

Bm—O'SS Wbfm • ; ae* 80,000 Aim; current density**SAfmm\ peripheral speed— 
ISO m/s. 

Tie winding should be arranged to eliminate 5th harmon c. 


Solution Synchronous speed n«*2 X 50/2*50 r.p s. 
Peripheral speed P«*it Dim* 160 (given). .*. Diameter D* 


160 

UX50 


mim. 


Distribution factor for 60* phase spread, Jf**0*955. 

In order to eliminate 5th harmonic, the coils should be chorded by an angle 

e*180/5*3S°. 

A Pitch factor J£»«*cos a/2 *0*951 and winding factor .£**0*955 X0*951 *0*908. 
Output co-efficient <7 t *ll X0'55 x 36000x0‘908xl0~**198. 

••• 

H>nee, core length I*l’5J/(l*0)**r51 m and pole piteh't**«x i 0/2*1*57 m. 
Flux per pole «T*ff.. tL-0 55X l*57X 1*51*1*3 Wb. 

Voltage per phase Jfo»* 11000/^3*6360 V. 

Turns per phase Tps— 4 44 x 50 x 1*3 X0908 *24*3«M-4. 

Total number of stator conductors—6 X 24*144, 
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The Bomber of slots should be eo selected that it suits the winding as regards the 
number of conductors. Since the fifth harmonic is to be eliminated, the number of slots 
should be such that cbording by 1/5 pole pitch is possible. 

Jn order that the winding should be chorded, requires the use of a double layer wind* 
ing and chording by 1/5 of the pole pitch can only be obtained if the number oi slots is a 
multiple of 5. 

Using 5 slots per pole per phase, 

total number of slots—3X2X5—30. 

Conductors per slot— 144/30 at 5. 

This is an odd integer and therefore double layer winding is not possible. Double 
layer winding is only possible with either 4 or 6 conductors per slot and this would require 
the use of either 120 or 180 conductors resulting an excesiive increase or duerrase in the 
val » of gap density. 

If two parallel circuits are used the number of conductors required is 144x2—288 
with 5 slots per pole per phase, the total number of slots is 30 with 10 conductors per 
slot, which permits the use of a double layer winding. The total number of conductors is 
300, an increase of only 4%. 

Thus the winding used has the following details: 

slots per pole per phase—5, total number of stator slots—30, 

conductors per slot—10, turns per phase TV*—50. 

Example 12 32. A 688 MV A, 26000 V, 60 He, 2 pole, 3 phase star connected direct 
watef cooled generator hoe a stator bore of 13 in and a stator core length of 8‘0 m. If the stator 
winding has 2 conductors per slot and then are two circuit* per phase, calculate (a) the number of 
ttator slots and (6) the average flux density In Me air gap. 

The specific electric loading is 200,000 ampere conductors per metre Assume a winding 
factor of 0'92. 

Solution. 

Speed n»—50 r.p.s. 

Voltage per phase JT#*—22000/V 3—12750 V. 

588 X10® 

Current per phaae /»»— ^ x22000 “ 15,400 A ' 

Current in each conductor /*—15400/2— 7700 A. 


jm 

Now, specific electric loading ‘oo’— 

Total number of armature conductors £< 



wxrsx 200.000 


106. 


The number of conductors has to be modified so that a suitable number of slots can 
be used. We should choose this number in such a wag that the number of turns per phase 
TV* and the number of slots per pole per phase are integers. 

For a three phase machine, turns per phase 2V*—2/6— 106/bat 18. 

Actual number of conductors used 2—fix 18—10.). 


Numbwofdon B- 

The number of slots £—54 are suited to the winding. 
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For a winding with two circuits per phase, flea— ™ . 


« • 


FhuiMtpol. *- «-44x^x|j°0-9i " 8 ' 92 ^ 


•0*565 Wb/m*. 


Me pitch t»wX 1*8/2-2*04 a. 

g 6 92 

Avenge flux density J9«*»—jr — 2 0 4x 6 

12*33. letw deslgsr The rotor wnding is not concentrated butii distiibutcd is 
slots. Concentric multi turn coils are used as .shown 
In Fig. 12 45. The number of wound slots should be 
•is integer which is a multiple of four (e g, 16,20,24 

..). The slot pitch it so chosen that undesirable 

harmonics sure not introduced in the flux density 
wave. 


1 %e width of rotor slots is limited by strews 
at the root of the teeth and by hoop stress in the end 
mini ting rings.. 

In large modern turbo.alternatori Epoxy glass 
mnd ebseatos moulded resin glass and or' synthetic 
rubberised glass are used as insulation. The insu 
iatkm thickness varies from 0 25 to 0*33 mm per 100 V 
i the winding. 



Rotor current density may 
9*5—14 A/mm*. 


However, in modem direct cod 
4 A/rntn 1 . 

Procedure for rotor wiadistg design 


Fig. 12*45. Rotor winding. 

be about 2*5 A/mm* for conventially cooled machines, 
generators the rotor current densities may be as high as 


1. Full load field mmf cau be taken as twice the armature mmf. 

Full load field AT/t-2AT' 

where AT*— 2 7 I$k Tph Km/p. 

2. A standard exciter voltage may be taken. About 15 to SKI per cent of this voltage 
is kept in reserve. 

Let F« be Use exciter voltage. 

,% Voltageacrom each field coil 1 9/m to R i f S LEl .■ 

4. The length of mean turn of field winding is approximated from, 

I«r" 2W3v+&*24 ...(12 47) 




Md 


vwefiectivC span of coils. 

Voltage across ends field coil !/■// Rr 

. TtpLmV ATfilLm*/ 

r at «/ 

. ^ , . 

• • . tf 

//-•field current, A; T/wnumber of turns in each field eoi); 
■ ;j " npwareaof field conductor* mmP; • 

Lw^wlength of mean turn, m; 

: -I^i^dstlvity,0/maodmn^. /.■ 
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5. Assume a suitable current density 3/ for the field winding 


h 

...(12 48) 

* va/ 

...(12*40) 

and conductors per slot — 

...(12*90) 


where Sr«»nutnber of wound slots in the rotor. 


DESIGN PROBLEMS 

Design problem 1. Dee gn a water wheel generator with the /blowing epeeiffim* 

time* 


EFA 

— 

om 

Voltage * 

8090V 

Phase 

— 

3 

Frequency * 

SOU* 

SPM 

* 

MS 

Connection * 

Star 


Foam factor—O'8 lagging. 

Selidoa. 

M«l« Dim e—I— ! 

Synchronous speed *•■« 1t>7’5/60»3'125 r.p.s. 

Number of poles p—2 X 50/3 145■■ 32. 

Assume Bw«0'6 Wb/m\ oe«34000 A/m and E««*0‘955. 

Output oo>efficient V 9 — 11 K m Bmoc 10~ a 

-Ux0-955 X06 x 34O00Xl0-*-214. 

Prod “' m * 

Using rectangular poles and liking Lj Wl*5, we have 

L-l*5« D/32Xj^«-01475 D 
or 01475D»-4*48 

0-3*12 m and £-01475x3*12-0*46 m. 

S#aeting 0-3 2 m and £—0*44 m. 

JFL providod»3*2«X0'44«4*5 m*. 

Paripbssal speed at synchronous sped 

Fe-«X 32x3*125-31*4 m/s. 

The peripheral speed at nuwaway speed will be neatly 60 m/s and therefoi 
dovetail type of construction is used for a tt achment of poles to the yoke. 

Pole pitch *—«X3*2/3S[—0'314 m. 

Taking the ratio ♦- p^jg" 0 74, 

A Pole me % -**0*74X0*314-02325 m. 

Using 5 dncts of width lOams each. 
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Gross iron length 2/,*.L—n*IP<*0 44—5 X 10 X J0“ , ««0 , 39 m*390 mm. 

Therefore, the stator core is divided into 6 parts each 85 mm wide. 

Net iron length L> *0 9 X 0*39*0 351 m. 

ITATOR 

Stator Winding 

The stator winding is star connected with line voltage*6600 V. 

Phase voltage £j*“6600/V3 ai *3820 V. 

Flu* per pole ®*5.» tL* 0 6 xQ*314 XO’44-82 8 X 10~» Wb. 

Epk ' 3820 

Turns per phase T,h~ 4 - 44f(i>Km “ 4*44 x 50 X 82 bX UT»X0 956~“ 218, 


(This value may have to be modified when considering the number of slots.) 


Number of Slots 

Taking a slot pitch of about 32 mm. 

A Slots per pole per phase 

nD nx3 2x 10* 
qwm $pyt m 3X32X32 


3 a 27c*3i. 


fi fraction U slot winding with g*3i is used. This number is chosen as the number 
of poles, 32, is divisible by the denominator 4. 

Total number of armature slots 5*3 X 3J X 32*312. 

Tout! number of armature conductors Z*6 Tj>a—6 X 218* 1308. / 


Conductors per slot *1308/312*4*2. 

The number of conductors per slot should be an even integer in order that a fractional 
dot winding is used (with a fractional number of slots per pole per phase, we h ive to use a 
double layer winding which requires that die conductors per slot should be even). The 
nearest number is 4 (actually the number of slots should be so chosen that the number of 
conductors already calculated has not to be modified very much). 

Now conductors per slot *Z**4. .> 

Total conductors £*312X4*1248 
and turns per phase SW*1248/6*208, 

Modified average Au* density in the gap 

BW-06X218/208*0*628 Wb/m*. 

Modified flux per pole 0*0*628 X 0*314X0*44*86*9 X 1(T* Wb. 

Stator slot pitch j/,*wZ)/5*kX3 , 2x !0*/312*32 , 2 mm. 

, ’ 3000x1000 * 

. Current per phase /j**-^■^^^-‘*■208 A, 

Slot loading-l* £*-262X4*1048 A. 

This Is within limits. 
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i f 

t 

Conductor Six*. Taking a current density of 4 A/mm*. 

Area of crou section of armature conductors. 

—262/14—65*5 mm 1 . 

Each conductor is divided into 2 subdivisions 

Refer to Table 17*1 for size of copper strip. 

Using 2 strips of 6 X6 mm* cross-section in parallel. 

Area of conductor used*=*2 X 35'1 — 70‘2 mm*. 

Current density used for armature conductors 
8^=262/70 2 -3*70 A/mm*. 

Double layer lap winding with di.mond coils is used. 
There are 4 conductors per slot, 2 in each layer and therefore 
there are 2 turns per coil. 

Slot Dimeneioqa. Using 0*25 mm thick strips between 
strands and 0*5 mm thick conductor insulation. The thickness 
of main wall insulation is 2*5 mm. 

Referring to Fig. 12*46. 

Slot Width; 


at 



tit 


%>2*46. Stator slot. 
(All Dimensions in nun) 


Bare conductor 

Conductor insulation 

Main slot insulation 

Slack 

1X6 
2X0*5 
2X2 5 

6 0 mm 

1*0 mm 
i 5 0 mm 

10 mm 

Total slot width 


13*0 mm 

t 

Slot Depth: 

Bare conductor 

Insulation between strands 
Conductor insulation 

Main slot insulation 

Separator 

Tooth Up 

Wedge 

Slick 

8X6 

4X0*25 

8X0*5 

4X2*5 

1X2*5 

48*0 mm 

1*0 mm 

4*0 mm 

10*0 MMft 

2’5mm 

1*5 mm 

40mm 

2*0 mm 

Total slot depth 


„ i$"»7S’0 mm 


m 


tfir-rtg 

\ 

I. We luw to Me that the average eddy current Im factor k not hkga. 

Now «-l00\/W^-!00\/^-M 

tad k'alieigbt of «tran J .»6x IP* rr 

a»'-68X6xl(T«-0 408, 

Since «V is lest then 0 7 and therefore all the equations derived iwchapter 6 for eddy 
Current Ion in conductors, can be applied here. 

Number of conductor layrrs in the slot N—8. 

From Eqn. 6*99 on page 325, average eddy current loss factor for slot portion of 
conductors 

**••>-1 + -1 + (O’408)* X 1*2. 

,% The eddy current 1 ms in conductors is 20% of the copper loss due to the main 
current. This is within limits. 


2. We have to see that the flux density in the teeth at the air gap surface is not 
excessive (the teeth have minimum cross-section near the air gap surface). 

Width of teeth at the gap surface lfi—32'2-13—19 2 mm. 

Flux density in the teeth at the gap surface 

flux per pole 

" teeth per pole arcXnet iron lengthxtooth width 

a6 9xio:» Wh/mI 

"0-74 X (S12/3V) x0*351 X19 2 X 10~» 1 #op ™ D/ni * 

Within limits. 


Length nf ueems turn 

Length of mean turn of stator winding , - 7 

£■<«—2L+2*5 I +6 kV *—* *v 


Out of this a length of088 mis buried in. the slots while the remaining 1*38 m 
length Is in the overhang. 


Tic tutor Ax, resistanee'per phasrat 75*C 

ra.».—0*021 14s u. 

v n' f . o & 


c» 


D.C. 


of conductors embedded in alotyser pluge 


-0*021 X 


4a 


km fhctor jflf|wi—l*2. 

^ ■101 — /»’ ) 

■X«i M /ail (d c reskteaoe of riot nwrtfe#! 
—1*2 X262* X0*0946—4*3 hW 
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or 


Copper loner per phase in overhang 

*/»** (d.c. resistance of overhang portion) 
-2«2 , X0086-5 , 9 kW. 

Total copper lou per phase—4 5+5'9— jj0*4 kW. 

A.G. resistance per phase —0*151 Q. 

P.U. resistance - ^s t* 1 — ’-0*01083. 

art So* >i 

Stator core 


U By |/V-» 

Flu* in stator core •—-43*45 X 10“« Wb. 

Assuming a.flu* density of 1*1 Wb/m* in die core. 

A. y Urt 

Depth of core BeXLt m ' \ 1x0*351 »«U2 am. 

Outer diameter of stator laminations D*».D+2(<4+d«) 

—3*2+2(0*075+0-112)—S‘57 m. 
L»(tkofmlrf. r __ , „la.J' '!/*.' I 

Armature mmf per pole ^ |{ k "lfJ ^ 

AT.. 1 . 1*™*****™ .4400 A. 

Assuming a short circuit ratio of 1*3. \ J 

.*, No load field mmf per pole 

42%—1 *3 X4400—5720 A. 

Taking 80 per cent of this mmf to be consumed in the air gap. 

.*. Mmf for air gap 4!P*—0*8 x5720— 4568 A. 

Maximum flux density in the air gap 


B,—-0*85 Wb/m*. 

Assuming the gap contraction factor B#—1*15. 

Mmf required for air gap 4?*—800*000 B§K§1§ 

800,000X0*85X 1*15*4—4566 
4—5-84 mm. 

Air gap length provided 4—5*5 mm. 

.*. Diameter of rotor Z4-D-24-3*2-2 X 5*5 X 1<T*-3*189 mm. 

\ » 

* 

rmp 


A leakage factor of 1*2 is assumed for the field polas. 

Flus in pofe body •>—1*2X86*9X10"*—104*5 X10** Wh. 
Taking a flu* density of 1*6 Wb/m 1 in poles, ...l . iitf * • l - 

Area nfpda body 4»-^— !£*— >83 x UT» m*. 

Taking 0*98 as the smddng focior for pofo landnatlomi, 

width of pda 
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Kleigkt of pole 

In order to determine the height (radial length) of pole we require an approximate 
estimate of full load field mmf The method has Men explained in details in Art. 12*21*1. 

Approximate value of no load field mmf 

A2%—5720 A (calculated above). 

Armature mmf per pole AT ***4400 A. 

Power factor cos 4“0*8 lagging .*. 36° 52'. 

From Fig. 12*3 > for <J»—0*74 the value of cross reaction factor J?,—0*45. <»a.3L 
Referring to Figt*12 47. 

1. Draw oa'*5720. 

2. Draw oft—4400 at an angle (90°—36° 52')ftt53' > to oa. 

3. Cutoff oe—0.45 x 4400—1980. 

* 

4. Join oo and extend. Drop perpendicular on oe extended to cut it at d. 

5. Full load field mmf per pole, 

od—8930 A. 

Assume a current density of 2*5 
A/mm a in the field winding 

Area of copper in the field winding 

-8930/2 5-3570 mm*. 

Strip on edge conductors are used Fli* 12*47. Determination of approximate 

for field winding. Assume a space factor v * uc ° r ATfl " 

of 0*83. 

Area of field winding-3570/0 83-4300 mm*. 

Assuming depth of field winding d/—85 mm. 

.*. Height of field winding-4300/35-123 mm. 

To this we must add about 17 mm which is taken up by flanges etc 
.*. Haight of pole body ftp—123+17—140 mp. 

The height of pole shoe at the centre ft*—25 mm. 

(See polo drawing Fig. 12*50) 

Total height (radial length of pole) In—140 +25—165 mm 
Dnmqmr wfiafifiaca • 



From Eqn. 12 24, total area of damper ban per pole 

Js-0*2X84000xO*314/S-7l3 mm*, 
if current density is taken as 3 A/mm* for damper winding. 
Taking the pitch of damper bars to be 80 peroent of stator slot pitch. 




Number of damper ban Jfs— 



282*3 

~TBx3H 

Area ofaach bar i**»7lS/9—79 mm*. 


Diameter of e*e| |)*r if—10 mm. . 

A Haa«ht of pole shoe at «be tips l*-tds-20 mm* 


i 
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Ydw design 

Flux in yoke <t,»*/2*»52*25 XI fr» Wh. 

Taking a flux density of I'2 Wb/m a .. 

Area of yoke A,»52*25 X10“*/1 2-43*5 x 10*** m 1 . 

yoke area 43*5 XI (T* 


A Depth of yoke rf«— -_ 

' 7 • <>WXcore|.i.gtl» 

Estimation of flux per pole 

Pole drawing 


0*98x0 41 


•0*1 m—100 mm. 


In order to estimate the flux per pole, the pole drawing is constructed as explained 
in Art. 12*21 4 with the help of the following data : 

Angle (mechanical) between pole axis and the interpolar axis 0—360/2f>—5*625\ 

Length of air gap at the centre of pete J#»5*5 mm. '' 

The distance over which the air gap remains constant is | t. 

Length of air gap at pole tips* 18 I*—1*8x5*5*10 mm. 

Height of pole shoes at pole tips hi—20 mm 

The rough sketch of pole profile is shown in Fig. 4*72 (page 103). 

The pole drawing is shown in Fig. 12*48. 

From this drawing, we get 

Height of pole shoe at the centre A*—25 mm and width of pole shoe A,—230 mm. 

Flax plat 

The polar horn and the stator surface at the air gay are drawn in Fig. 4*73 with the 
help of the pole drawing techniques. t he flux pica 
and the flux distribution curve of this machine are 
given in Example 4*17 on page 193 (see Figs. 4*73 
and 4*7-1) 

The flux distribution curve i.) 

J* # «1O0‘06 sin 0+3 38 sin 30 

-5 25 sin 50-0*75 704 ... 

and the field form factor (calcnlaUd on page 193) is 

K/mBjB'MYlW.. 

Voltage per phase Jfn*«6fi00/%/3«»3820 V. 

- The line Voltage of a star connected alternator 
does not contain any third, harmonic cmf. Therefore, 
the value 3820 V rtf the phase voltage does not take into 
account the third harmonic voltage which is actually 

present In the phase voltage. Therefore, when we t ike the ph*s * voltage «md jo of 
floe wltagi, that value +** not include the third harmonic voltage. flao*L thedkitti 
harmonic WOuld'Wexctmled hum the calculations From Kqn 0*72 ™ ^ 

butmnfactorfbrr 
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*0 96, Eli" 


-*-0*139. 


-0193, 


We have, *3^«—13/4 if—13. 

rm. rr lin 30° n ne IT tin 150* 

ThuS * Jf ' 1 * 13 tin 3 *114 *° 961 13 tin 150*/13 "° l9S * 

_ tin 210° 

K ‘ 7 “ 13 un 2»0*/13 "*^° lS9, 

There are 3J &1 ts per pole per phase In order that the coila be full pitch, the ceil 
thould b. 3| X 3—9| dots. The coil span it actually 9 slots. 

a 

Electrical angle spanned by coils— X180—166*. 

Angle through which coils are chorded a-180*—166*—14*. 
fitch factor for nth harmonic is Ep*—cos a a/2 

Krk-cos Hx !4*/2—U 9925. E*-cos 5x 14*/2-0 819 
JT«—cos 7 X14*/2—0*656. 

The winding factors are : 

E*-0‘ 6X0 9925-0 952, E.,-0‘193 XO819-0 158, 

E.,— 0 139x0‘656——0 0SI3. 
from Eqn. 6’65 page 295, voltage per phase 

Efi— 1 4'44 Tphf 4j K m 4 l+{fl*8 E*iJ 8 +.+(4 *m KmtfBmi +•.. 

As explained earlier, we have not to take into account the third harmonic component 

*, E^a—4*44 Tpkf ®i Ea,\/r-j-(Bm, E../5.J W+..'...+<&,• K-/ Jt, E^F~ 


*|»-4*4xK«x50x« l x0Mj[l+( | ||5^!J^) , + | 

fundamental component of flux per pole <^—87 X 10~5 Wb. 
Average value of fundamental component of flux density 

* ♦, 0&87 _ i\ tilt 


075X0*0913 

Mmbom 


^-3 “d«44 


.0 629 Wb/m 8 . 


Minimum value of fundamental component of flux density 
Au-O/2 «/2x0689—0 987 Wb/m«. 

Bat 4*1—1*08 Ef .*. ^-0*987/1 *08-0*914 Wb/m*. 

Average flux density over the pole pitch, Em—0 702 X0 914—0 642 Wb/m 8 . 
y .*. Total flux per pole 4-0*642x0 3^4x044-88 6XlO“»Wb. 

Magnetic circuit. The mmf« required for various parts of magnetic circuit ale 
Iculattd below. Dynamo sheet steel ji used for both rotor and stator. Tue magnetisation 
rva for the laminations used is given In Fig 12 36. 

(i) Mmffbr air gap. f 

« .. slot width 13 oc 

Rat, ° gap length “0 55 2S6 * 

Porretpondiag to this ratio, the Carter’s coefficient E«« is 0*3 (See Fig. 4*9 on page 
194 fof open slots). 

4 )ap dMiracHon factor for slots E#i— ~ -&*r 


-rrn. 
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Ratio 


m 


duct width 1*0 t>OA 

82- 


dots). 


gap length 0*55 

Gorreiponding to this ratio, the Carter’s co-efficient Ka it 0*25 (See Fig 4*9 for optu 


Gap contraction factor for duett JTw-» - -- 

Lt —>w w e Kid 


44 


L 


\u ( 

—1*03. 


44-5X1x0*25 

Gap contraction factor R#—JT»# X JR#*— 1*135 x 1 *03—I 17. 

Mtnf required far air gap dff—800,000 X 0*914 X I* 17x5*5X10"*—4700 A. 

(U) Mmf for teeth. , 

Width of teeth at.l/3 height from narrow IF* 

<|> «[3 2f(2 ^ X 73 X i0~*] _ , s x 1Qri m ^, 9 . 7 mm< 

Flux density in teeth at 1/S height from narrow end 

A,/ *- 0 74X(312$f)XOWxwVxiurs * 1 77 Wb/m ** 
Corresponding to thhp flux density, samf per metre ot<—9500 a. 

Total mmf required for teeth dFi—9500 X 73 X I0"*—694 A. 

(Iff) llaaf for cere 

Area of con l.-<f/x &-1 12 X 1(T*X0‘351 -40X 10“> m*. 

Flux density in con &—•/2d,-88*6 X 10~«/(2 X 40 X 10~«)-1 *11 Wb/m*. 

Mmf per metn «!*—420 A. 

X^sggth of flux path in core f«— 

w(nHx73xio-»+ii2xi<r I 

2X52 m * 

Mmf for oore A**-420X0*169-71 A. 

.% Aft-Ar,+Ar t +Ar—4700+694+71-54«5 A. 

(is) Staffer poles. Width of pole shoe d#—230 mm—0*23 m (from 
Distance between adjacent pole shoes* V 4/ i ’ * 

o-NfcSL -aJ»^»£i22__o»^oe.-. 

Height of pole shoe at pole tip hi—20 mm—0*02 m. 

Width ofptfe body fe—190 mm—0*15 m. 

Distance between bodies of adjacent poles 

■WHA-AL-y- -Qjgzay-MQX «rv. iaoxl 

—0*147 m. 

flqn. 4*103 (page 17SK leakage flax frees pole sheet 

(»♦+$)] 
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-4X4. x l(T +1*47x0*02 log,. ( l+-=- xJ-^j)] 

-0664 X I0‘ # ATu 

From Eqn. 4 106, leakage flux between pole bodiei 

«*-2« AT, +l*47»,log„(l + f--£)] 

-2x4.xio-»^ri[2l^ii2 5 !i.+i*47xo*i4iog 1 , (i+i> $f 7 )] 
-1265X10"* ATi. 

A Om— 0*664X KT* X 5465-3 62 X 10“* Wb. 

•#-1 *265 X 10r* X 5465-b'92 X 10"* Wb. 

Minimum 8ux in pole 8 m»Ii.,-8+8.i-( 88 6+3 62)x I0***-92?2X !0**» Wb. 
Maximum flux in pole •»<—•)—♦+#»i+#»i— 99 14 x 10“* Wb. 

92-22 XI0 -1 

Minimum flux demity in pole 1Q - _, —1*41 Wb/m*. 

99-14X10*** 

Maximum flux density in pole gjryyjyp—1*52 Wb/m*. 


Corresponding to their, mmfi per metre are 

a4eu*e IBB 1200 A i («•»)—2000 A. 

Total mmf nfulred for poles 

ATp—aln»t») X y*+Si)i(«M) -y- 

-1200 X2x°-y?+2000X -232 A. 


(«) Mnaf for yoke. 

Flux in yokt •*- ^^—^ -49*6 X 10"» Wb. 

Area of yoke .4,-0 98x0 1X0 44-4 1X 10~» m*. 

Flux density in yoke-49 6x 10“*/43*1 X10"*-1 15 Wb/m*. 
Mmf per metre «(y—470 A. 

Length of flux path in yoke 

«(3 18 *—2X0*165—0"1) 

- 2x55 * 

Mmf for yoke 412V—«/* X 4—470 X 0*155—64 A. 

Total mmf required at no load for normal flux density 


0*135 m. 


ATa-ATs+AJ’i+A2V+47V+AJV-4700+694+7I +232+64-5761 A. 

Open circuit characteristics. For drawing the open circuit characteristics, drcula- 
ions nre done for flux densities 1*1 and 1*2 times thi* flux density for normal voltage. The 
rxeults are tabulated on next page. The O C.C is «bown in Fig 12*49. 

AmateTs leakage reactance, From Fig. 12*46 
Aj—59*5 mm, A,—5*0 mm* A,—4*0 mm, 

A*—15 mm, IT*—13 0 mm, IFi— 160 mm. 

(The slack of 2*0 ana has boon Itmtpsd in A,) 
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t 



Held Mmf,A 

Pig. 12-49. Open cbeult characteristics. 


Specific slot permeance A.-p® 


59*5 5 , 2X4 1 5 

**1.3X13 X 13 + 13+18^ 13 
From Eqn. 4 95 (page 172), slot leakage reactance 

*„-8X « X 50 X (208)* X 0 44( ^ WX *|~ > ^ — )-0 659 


]-2 28 p,. 


« m - 8X a X 50 X (208)« X 044^ ■ 


J-»0 659 Q 


“• ’ p^S*W*- 0923 ‘ 

From Fig 4*58 (page 170), 

sorres ponding to this ratio of 0*923, the value of K» is 0*94. 

From Eqn. 4'94 

, , _ WX0-94X(0 8I«)» 

»XO’OS22 **' 

From Eqn. 4*96, overhang leakage reactance 

_ _v,..4«X 10^X0'946 rt . co „ „ 

sie»8itX50x(208) , X-- -0 622Q. 

Total stator leakage reactance ««*■*M-f'*# a "0'6594-0*622'—1'28 Q. 

__ . *r f|ia 2itXl*28 ..AM* 

P.U. leakage reactance Xi- -S- - - ——sssr—*■0 0877. 



mMMO A, *-3«0 A, 4f- W10 A, >9-2150 A. 
Fig. 12*90, Estimation of fcll load Odd awl 
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Til 


Fall load field mmt. 

Generated voltage B,—E,*4“WR<M'+j"£i) 

-l+>*H(0*8-/0 6)(0 010354/0*0877)=-1 053 £3*24' p.u. 
Bf-4025 V. 

The field excitation corresponding to thu voltage from O C G. (Fig. 12*49) is 

AT#*#—6500 A 


Angle spanned bjr pole arc a—$*—0*74 n—232 radian—133°. 


Armature reaction factor 

„ a+sina 2‘32+sin 133° 

94 4sma/2 “ 4 sin 66 5 4 


-0 633. 


Reduction factor for direct axis armature mmf 
-pa AT#—0 833 X 4400—3610 A. 

For the calculation of full load field mmf, the construction livtn in Fig. IS M Is 
followed. We have: 

od—6500 
da-3660 

s(f-Rr X 3660-0*45 X 3360-15)0 
/s—3660—1510—2150. 

From construction shown in Fig. 12*50, full load field n mfAT/i—op—9200 A. 


Field winding design 

1. Assume an exciter voltage of 125 V with 25 V in reserve and 100 V across the 
field ooili. 

Voltage across each field coil F/—100/32—3*125 V. 

2. The field winding consists of c inductors wound on edge. Using a sheet metal 
spool 2*5 mm thick and baketiaed paper flanges 6 mm thick. 

Height of winding A/—height occupied by insulation and spool 
—165—25—2X(64 , 2*5)—123 mm. 

3. The depth of winding, d/, is assumed to be 35 mm. Referring to Fig. 12*40, 
JD»—0*9Xr—0 9X0*44—O'396 m, 5,-0 15 m 

and £w/—2 Im+»( 6,4‘0'01 +<*/)-l 4 m (See £qn. 12*34). 

4. Area of field winding conductor «/—< 


9200X0021 X14 

" 3155 


—86*6 mm*. 


6. Assuming current density 8/ of 2*6 A/mm', for the field winding, field currept 

//-86 6X 2 6-225 A. 

7. Field windfog turns 2>—AT*///—9200/225—41. 

8. Aran of each conductor «/—86*6 mm 1 and width of conductor—35 mm. 

Depth of conductor—P6*6/35«2’5 mm. 

Area of conductor provided a/—35X2*5—87*5 mm*. 

Using an insulation of 0*3 mm between conductors 
Height occupied by conductors-41(2'5+0'3)-115 mm. 

The balance space of 123-115-8 mm is taken up by buckling of conductors. 
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Height of winding A/— 123 mm—0T<’3 m. 


Resistance of each field coil if■■41 X 


0 02IX14 
875 


>■■0*0138 0. 


Actual v-lm of field current //—3 125/00138—226 A. 

Mnif provided .d77i—//T/—226 X 41—9270 A. 

Lou in each field coil 0/*(226)* X 0 0138--*705 W. 

Area of dhsip.itiug surface 2 Lmtf (A/+d/)*-2X 1 4(0'1234 0 035)-0'442 m*. 

From lablt 3 6 (page 111), cooling co*efikient 


012 012 
f/ * 1+0 IF. “* 1+0*1x31*4 


Tmnpcratmi' rise 


705 x 0 029 
8 0'442 


■ *0 029. 
46 2*C. 


This is within limits. 


(i) Copper Ions 

The total copper loss including eddy c urrent loss in each phase 10*4 kW (1 his has 
already been calculated when calculating the effective stator resistance). 

.*. Total copper loss*3 X 10*4=>31 *2 kW. 

(it) Stray load Iona 

The stray load loss is taken as 20 per cent of total copper loss. 

Stray load loss-0 2X 31*2«6*2 kW. 

(iii) Iron loan 
(a) SMor teeth : 

Diameter of armature at the middl» k of teeth—3 273 m. 

Skit pitch at the middle of tecih—0X3*273/312 m—32*9 mm. 

Tooth width at the middle ffi-32*9- IF.-32 9-13-19*9 mm. 

Weight of stator teeth— 8X Li Xi$ X IF* X 7‘8 X10* 

-312X0*351 X73X 10~»X 19*9 X 10“*X 7*8 X10*-1240 kg. 

The iiux density in the teeth at 1/3 height from narrow end is 1*77 Wb/m*. From 
Eqo. 4*58 (page 149). with a-6’5, 

Specific iron low in teeth—aJBm*—6*5 X (1*77)*—21 W/kg. 

Iron loss in teeth-1240x2l W-26 kW. 

(I) Core : 

t Mean core diameter—3*458 m. 

Weight of stator core-* X 3 458 X0 35X114x I0“*X 7 8 X10*-3380 kg. 

Flux density in the core—1 11 Wb/m*. 

From Eqn, 4*58, specific iron toss in core—4*7 X (1*11 )*—5*9 W. 

Iran low in core—3380 X 5*9 W—20 kW. 

Total iron loss-26+20-46 kW. 

(if) Friction and windage loss is taken 0 7 percent of kVA rating. 

Friction and windage loss—07/100 X3000—2! kW. 

(#) Fi id copper low^p//* J?/—32x226*x 0*0)38—22*5 kW. 

Taking a drop of I volt at each brush. 
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Brush contact loss-2x l X 226-552 wattaU 6 kW. 

Exciter input-22 5+0 6-23*1 kW, 

Taking an exciter efficiency of 88 percent, 
total exciter outputa»2V I/O 88—26'3 kW. 

,\ Excitation losses— 2 f *‘3 kW. 

Total lost 

1. Copper loss including eddy current=*3 1 2 kW 

2. Stray load loss **G 2 kW 

3. Iron lots ==»46*0 kW 

4. Friction and windage loss a>21 ‘0 k W 

5. Excitation Joss *=26 3 kW 

Total loss etl3r0kW 

Rated output -kV A Xp.f.-3000 X0 8-2400 kW. 

Input -2400+131 -2531 kW. 

2400 

Efficiency at full load—X 100— 94*7 percent. 

Stator temperature rise 

The cooling coefficients are taken from Table 3*6. 

Outer cylindrical surface of core —itD 9 L*~itX 3'57 XO'44—492 m*. 
Cooling coefficient—0 03. 

Loss dissipated fi om back of stator core—4 92/0 U3 — 164. W/°C. 
Inner cylindrical surface of stator— itDL= ir X 3*2X0*44—4*42 m*. 

Cooling c-Ugcicnl- p j ?” y m -r +U 0 |°x3l 4 ~ 7 ' 25Xln '• 

Loss dissipated front inner surface—4 42/(7*25 X I IT*)— 610 W/°C 
Area of end surfaces including ducts—~ (ZV— D*)(tu +2) 

--J-(3\56>--3 2*)(5+2)-13 35 sn« 

Cooling co-efficient— ^pr* ^ ^ * ^ 3^4 *^0 0317. 

(The velocity for ducts F-0'1 V, ) 

Loss dissipated from ducts—3*35/(3*17 X10"*)—442 W/ # C. 

Total loss dissipated-164+610+442-1216IW/*C. 

Copper loss in slot portion of conductors—3 X 4’5— 3*5 kW. 

Iron loss in stator—46 kW. 

,*, Toed loss to be dissipated from stator surface— 11*5+46 —59*5 kW. 
Stator temperature rise 6 - —49"C. 

This is within limits 

Regslstisa 

From O.C.C. corresponding to full load mmf of 9200 A, the voltage 
1*16 per unit. 

Emulation —16 per oent. 
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Short circuit characteristic* 

Leakage rcactance*»0 0877 p.u. 

Mmf corresponding to leakage reactance drop from O.C.C.*»410 A. 

Field mmf equivalent to armature mmf**3660 A. 

.*. Field mmf required to circulate full load current in armature at ihprt circuit 
=*410+3660-4070 A. 

Field mmf required to generate rated voltage at no load •■5761 A. 

- 5761 

l. Short circuit ratio, SCR—^g—l+l. t 


The SCR war assumed rj and the actual value of SCR la 1*41. 

Design Sheet 


kVA—3000 Voltage—6600 V 

Phase—3 

Frequency—50 Ha Gaanection—star 

Currept—262 

RFM—*107*5 fewer tman-4 1 lagging 

Ratftof 

f. 

1. Full toad kVA 

« 

3000 

2. Full load power, kW 

r 

2400 

S. Line voltage 


6600 V 

4. Phase voltage 

t§k 

3820 V 

5. Power factor 

oos 6 

0’B lagging 

6. Frequency 

/ 

50 Ha 

7. Spaed 

M* 

3*125 r.p.s. 

8. Number of poles 

Mat* Dimensions 

f 

32 

1. Specific magnetic loading 

Baa 

0’6 Wb/m» 

2. Specific electiic loading 

OC 

34000 A/m 

3. Stator bore 

D 

3 20 m 

4. Gross core length 

L 

0*44 m 

5. Radial ducts: No. 

IM 

5 

width 

Wi 

10 mm 

6. Gross iron length 

1m 

0*39 m 

7. Net iron length 

Li 

0*351 m 

8. Pble phch 

t 

0341 m 

9. Current per phase 

/M 

262 A. 

Stator 



1. Winding 


jjjkmble layer lap 
Diamond coils 

2. Number of paralM paths 

e 

1 

S. Number of slots 

a 

312 

4. Slots per pole per phase 

9 

H 

5. Conductors par dot 

z* 

4 



StNCBORlKXtS MACHINB* 


6. 

Coil span 

C, 

9 riots, 1—10 

7. 

Coil span/pole pitch 


0*923 

8. 

Conductor: size 


2X(6x6) mm* 


area 

Os 

70*2 mm* 

9. 

Current density 


3*73 A/mm* 

10. 

Length of mean turn 

Lmt 

2 26 m 

11. 

Slot rise : width 

w. 

13 mm 


depth 

do 

73 mm 

12. 

Core depth 

do 

112 mm 

IS. 

Outer diameter of atator 

Do 

3*57 m 

14. 

Resistance per phase 

foe 

0*151 O 

15. 

Total copper loss 


31*2 kW 

Rotor 

1. Type of pole 


Salient, laminated, dovetail 

2. 

Damper winding : 
number of bars 

N4 

9 


diameter of each bar 

A* 

10 mm 

3. 

Pole arc 


0*2325 m 

4. 

Pole section 


0*15X0*44 m* 

5. 

Radial length of pole 

Art 

0*165 m 

6. 

Turns per pole 

Tt 

41 

7. 

Conductor * sise 


35X2*5 mm* 


area 

•t 

87*5 mm* 

8. 

Full load current 

It 

226 A 

9. 

Current density 

»/ 

2*6 A/mm* 

10. 

Length of mean turn 


1*40 m 

11. 

Voltage drop 

Lmt* 

100 V 

12. 

Field copper loss 


32X705 W 

IS. 

Peripheral speed 

Vo 

31*4 m/s 

Maitedutke 

1. Flux per pole 

* 

88*6 siWb 

2. 

Core: area 

Ao 

2X0*034 m* 


density 

Bo 

1*11 Wb/m* 


mznf 

Am 

71 A 

S. 

Teeth i area (}) 

per pole arc 

At 

0*05 m* 


density 

Btyt 

1*77 Wb/m* 


mmf 

AT* 

694 A 

4. 

Cap: area 

At 

0*097 Wb/m* 


contraction factor 

Mt 

1*117 


density ■ 

Bo 

0*914 Wb/m* 


mmf 

Aft 

4700 A 
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5. 

Pole: area 

Af 

0*0653 m* 


* density 

Bp (■••) 

J *52 Wb/m* 



Bp (m*m) 

1*41 Wb/m* 


mmf 

ATp 

232 A 

6 

Yoke : area 

Ap 

2X0*431 m* 


* density 

Bp 

1*15 Wb/m* 

7. 

mmf 

Total mmf per pole 

ATp ' 

64 A 


no load 

AT jo 

5761 A 

8. 

full load 

Armature mmf 

AT/i 

9200 A 

p r pole 

9. Field mmf equivalent 
to armature mmf 
per pole 

Efficiency 

ATm 

4400 A 

3660 A 

1. 

Core loss 

- 

46 0 kW 

2. 

Copper loss 


312 kW 

3. 

Stray load loss 


6 2 kW 

4. 

Excitation less 


26 3 kW 

5. 

Friction and windage loss 


21 0 kW 

6. 

Total loss 


131*0 kW 

7. 

Efficiency 


94*7 per cent 


Tmptrktare Rise 

1. Temperature rise of 


field coils 

46*2"C 

2. Temperature rise of 
armature 

49*C 


Design Problem II. Design a 80,000 kVA, 11 hV, 3000 rpm, SO Hi, 3pk om air 
pooled tmrbo-altimator. The loti power factor it 0 8 lagging. 

Martina. 

Main Dimmeiooe 

Synchronous speed *«»■3000/60■* 50 r.p.s. Number of poles 2 X 50/50«-2. 

Assuming the specific loadings as 

Bw<"0’55 Wb/m*. oe«*54,000 ampere conductors per raetre« 
and winding lector il««0'955. 

Output co-efficient C.-ll X 0*955 X 0 55 x 54000 X 10~*-SJ2. 

Peripheral speed is a deciding factor for the diameter. A peripheral speed of about 
110 m/s is used* 

• • 


«P*-1S0 


D—0’828 m. 
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(This is not strictly true as the peripheral speed is *Dr »# and not xD n». But all the 
same it is on the safe side). 

Taking stator bore diameter D*»0'83 m, pole pitch t«*ic x 1 ‘83/2= 1 * J m 
and length of core L=r925/(0'83)*=2*80 m. 

Length of sir gap 

* . , , o#t 54000X1 3 . 

Armature mmf per pole= ——n---=35600 A. 

Assuming a short circuit ratio of 0 55, 

no load field mmf A7V*=SCRxAI’«»0 55 X 35600 = 19600 A. 

Taking mmf for the air gap to be 80 per cent of no load fici i mmf. 

Mmf for air gap 47V=0'8X 19600=15700 A, 

Maximum flux density in the gap Xf» = l'5 B«* = r5x0'55=0*825 Wb/m*. 

Taking the air gap contraction factor to be 1*1. 

Ungth of .ir gap X 10*-2rS mm. 

Taking the length of air gap lg =20 mm. 

Diameter of rotor Df=D—2I»=0‘83—-2 X 20 X 10“* *»0‘ 19 m. 

Peripheral speed Fa=x X 0*79 X 50= 124 m/s. 

Stator 

Stator winding: 

Flux per pole <D=7?« t £=0*55 X1 *3 X 2*8=2 Wb. 

Voltage per phase J ff y *= =6350 V. 

•• Turn, per phase r-»°74 4 x 50xax0!»5 - 15 ’ 

Conductors per phase=2 X15=30. Total armature conductors=3 X 30=90.' 

Number of alota: 


The number of slots should be so chosen that there is not much modification in the 
number of conductors and hence in the gap density. 

Assume number of armature slots &=30. 


Slots per pole 


r— 


r * 2X3 


Stator slot pitch g*#= is X 0 83/30 m=87 mm. 

A single layer concentric winding with 3 plane overhang is used. Push through 
in semi*enclosed slots are employed. 

Magnetic circuit: 

Combined radial and axial ventilation is used. With this system of ventilation, the 
stator core length is divided into packets of about 50—100 in length. 

Using 28 radial ducts each 10 mm wide, tbe number of packets is 29. The duetsi am 
more closely spaced in the middle. Therefore, the central packets are shorter in length. 
(This arrangement is used as the central portions of the core are difficult to ventilate). The 
onra lengthls made up as given below 

fi packets of 100 mm each 6x 100X10** =0*6 mm 

4 packets of 90 mm each 4x90X10"* =0*3fi m 

5 packets of 70 mm each 9X70X10"* =0*21 m 
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3 packets of 60 mm each 

3 packets of 70 mm each 

4 packets of 90 mm each 
6 packets of 100 mm each 


3x60x10’* 

3X70X10’* 

4X90X10”* 

6X100X10“* 


—018 m 
-0 21 m 
—0 36 m 
—0 60 m 


29 packets of total length £»—2*52 m 

28 ducts each 10 mm wide —0*28 m 


Total core length X—2 8 m 

Gross iron len ,th 2 80 -28XI0X lO"**—2 52 m aod 

net iron length—0 9 X 2*52—2*268 m. 


Stator core 

Flux in core d/2—1 Wb. 

Using a flux density of 1 Wb/m* in the core, area of stator core 1'0/1*0—1 m*. 
.*. Depth of core d»»—1 0/2*268 m—0*423 m. 


Axial ventilating ducts are provided in the core and due to this about 20 per cent of 
core area is lost. Therefore, core depth should be rated by about 20 per cent. 

Depth of core d»»—r2x4t*3m0‘5 m. 

Ventilating tel co. 

Assuming an effici en cy of 96 per cent at the rated output. 

Rated output-30400 X0*8-24009 kW and hteas-0*04 X 2400-960 kW. 

Taking a temperature rise of 25*0 in statar, and ahr Wat temperature—20*C. 

From Eqn. 3*39 (page 71) 


O ti+273 760 

Air required for cooling the machine—0*78X ^— 2TS~ ' ~A~ 


-0'78X^- X ^Px^-32-2 ■>/., 

In combined radial and axial system used tern, air eaten the machine from both 


f»A- 

/. Air entering the machine from eaah end—98*2/2—16*1 m*/s. 

Assume that 70 per cent of the air enters the stator aaial veodlating duets and the 
rest 90 per cent enters the machine via air gup and rotor axial ducts. 

,*. Air entering the stator axial doom tern each eod—0*7x16*1—11*27 m*/s. 

Assume an air velocity of 29 m/s. 

A Area of axiaPhdes required in stator—11*27/25—0*451 ml 1 . 

Providing 

900 holes each of 40 mm diameter, area—0*3768 m*. 

100 holes each of 90 mm diameter, area—0*0707 m*. ' 

Tdt&I area of hpte—0*4473 m*. 

fine disw—eieste 


tea 1 
•WW 9 


i It tea been mentioned earlier that doe to 
abort circuit forms are very lane. In 

e h l c h is mainly determined Ip the l ea ka ge 
tte machine should be dsrignad to tee* a “ 


fa> a 
the initial 

the 
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To obtain a high leakage reactance, we must use dep slots. In order to do this, 
a space known as reactance spare is left at the top of the slots. The reactance space includ¬ 
ing wedge is taken as 30 nun. 


In order to estimate the slot dimensions, we must find the minimum width of tooth 
which keeps the flux density within 1*8 Wb/m*. The minimum width of tooth occurs 
where the reactance space ends, (see Fig. 12 5! j. 


Diameter of rotor at this point—0*83+2 x 30 x I0 - *—0*89 m 
Slot pitch —it x0‘89/30—0*09J m. 

In order that flux density should not go beyond i‘8 Wb/m 1 , 


minimum width of tooth** 


5#/px£iXI*n 


“30/2x2*2^8 X 1*8 “* 32 7 mm 

Maximum allowable slot width—93 — 32*7—60*3 mm. 

, _ t . 30,000 X |600 , c'te a 

Armature current per phase 7p»-» 2 " x63 F)~~"*^ 575 A * 


Taking a current density of 3*0 A/mm*, 
atoa of stater e on d oc ta r a*— 1573/3—523 mm 1 . 

WUf A ^PNwCIwf W A— hB oRQVRi 

.*. Height of coudoeior—525/30— 17 3 mm. 

If a solid conductor 30X 17*5 mm* is used the eddy 
current loss in the conductors would be exclusive. The 
conductor should be subdivided such that the average 
eddy current Ion factor is less than 1 *2. 

Subdividing the oonduetar into six parts each 3 mm 

Ugh. 

Area of each subdivision ■■SOX 3—90 aim 1 . 

Area of stator conductor o»—6x90—M0 mm 1 . 
/ nm i a H o n t 

Insolation between subdivisions— 0*2^mH8w 
Conductor insulation—0 75 mm. 

Coil insulation—4 mm. 



Fig. 12*51. Stator slot. 
All dimensions in mm. 


Referring to* Fig. 12*51. 

Slot Width 


Conductor width 

1X30—30 00 mm 

Conductor insulation 

2x0*75-1 SO mm 

Slot insulation 

2X4—8*00 mm 

Slack 

s-0'50 mm 

Total slot width " 

V..-#ao—1. 
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Slot Depth 


Conductor height 
Sub I i vision insulation 
Conductor insulation 
Slat insulation 
Slack 

Total conductor heigh' 


18x3—5400 mm 
15x0 25-3 75 mm 
fiX0'75—4 50 mm 
2x4—8 00 mm 
— 1 '7.3 mm 

—72 00 mm 


Reactance spare and wedge — 0 mm 

Total slot depth dm —102 mm. 


Before wc nroc<;.‘d In tin r, we must check for eddy current loss in conductors. 

From page 32'\ * a l ^V.>6/40—86'6. 

We have, A' —height of .subdivision—3 mm, 

«//—36 f>X3 X nr*—0-25 anil (aft') 4 — I 57x l»r». 

Number of layers N~ 18. 

,\ Average eddy current loss factor (Eqn. 6 9 ( . ! 

K,< ..r, — 1 | {ah')* A’*/9—1+4‘57x 10 *X(I1!) 2 /')**116 
The lass f.utur rs within limits 

Rotor Design 

Armature mrnf |><’r p 1- .47’i»~2'7X 157? X l5XO’9j5/2—30.5i>0 A. 

The field rrnnf on full load can lie taken approximately twice the armature mmf per 

pole. 

Full load field .nmf 47V/-2 X 30500-61000 A. 

Taking a current density of 2*5 A/mm* in the field winding. 


The arca'of ro or conductors per pole 


2x47// 


2X61000 
“ 25 


-48 8X10“* mm*. 


Rotor slot*. The rotor slot pitch should not have any common factor with stator 
slot pitch and for 2 polar designs, the number of wound rotor slots should be a multiple of 4 
as otherwise the number of rotor slots per pole would not be an even integer and this means 
that the number of coils per pole would not be an integer. 

The number of . ot >r slots is taken as 23 as the number has no common factor with SO 
(number of stator slots). Thu number of wound sluts is about 70 per cent of total rotor 
slots. 

.*. Number of worm ’ slots—0*7 x23stl6. 

Rotor slot pitch j/,r—rrX 0*79/23—108 mm. 

Rotor winding. We rake ex'itnr voltage—220 V, 

Keeping 20 per emit o exciter voltage in reserve the voltage across the field coils ii 

175 V. 

Voltage across each field coil 1?/—175/2—87 5 V. 

The length of mean turn of field coil i< approximated as : 

W“2J,-f2-3*+0*24 

t—mean span of coils—0 81 (estimated). 

Ziw/—2x2*8+2 3 X0*81+0*24—7'6 m. 


where 
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Area of each field conductor 


*/■ 


AT fl p Lmif 
‘ E/ 

61000 X 0 021X7 6 
' 875 


“110 mm* 


Number of field conductors per polo--*40'RX 10*/U0«=‘44(). 

Wound slots per pole=R. Conductors per «lot®»440/ll«'.'i. r ». 

Total field turns per pole 2V-s=440/2“2d). 

Number of coils per po)c*»s|ots j»er pol'72* 1 8/2^4. Turns per mil **220/4**55. 
Resistance of each field winding Rf=77 f 


«220x 


0 021X7 6 
110 


0 32 ft. 


Current in field winding //■»87*5/0'32* a '273 A. 

Mmf provided per pole =*273 X 220**60,200 A 

Slot dimensions 

Choosing a conductor 40 mm wide and 2*75 mm deep. The imulation of the slot 
must be designed to withstand great mechanical stresses and also the forces oiiginated 
owing to expansion of slot contents which h ive different thermal expansion co-efficients. The 
coil is enclosed in a 0"5 mm steel cell. In order to support the winding at the ventilating 
ducts, a 2 mm thick spring steel plate is provided at the bottom of slots. The turns are 
insulated from each other by 0'3 mm mica separators. The coihs wrapped first in a 0'5 
mm hard mica cell and then in a 2 mm flexible mica cell. 

Slot width 


1 

Copper conductor 

1X40 

=40 00 mm. 

Hard mica 

2X0-5 

-* 100 mm. 

Flexible mica 

2X2 

•» 4 00 mm. 

Steel cell 

2X0’5 

■*• 1 00 mm. 

Slack 


■» 2'00 mm. 

Total slot width 

Wir 

*■4800 mm. 


Slot depth 


Copper conductors 

55X2 75 

'■15125 mm. 

Wedge 


«= 30*30 mm. 

Copper strip under wedge 

*■ 3‘00 mm. 

Hard mica 

3X0*5 

>— 1*50 mm. 

Flexible mica 

3X2*0 

** 6‘00 mm. 

Mica Separators 

55X03 

Jfi 50 mm. 

Mica bottom strip 


** 1*50 mm. 

Spring steel plate 


- 300 mm. 

Steel cell 

2X05 

*■ 1*00 mm. 

Slack 


•■ 2*25 mm. 

Total slot depth 

4tr 

■*2I5'00 mm. 
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Rotor Ventilation 

Total air entering the machine from each end*»16'l m*/s. 

Total air entering through stator axial holes from each end** 11*27 m*/s. 

.*, Air entering t!.e gap -»nd axial holes in rotor from each end 

«*= 16‘ 1 —11 '27«=4*83 m # /s. 

Area required fur gap and axial holes in rotor =®4'83/25«*0‘ 193 m* 

Area to the path of atr in the air gap ^-(D*—Dr*) 

(0 832-079*)-0*0*534 m«. 

Area of ventilating holes required in rotor**0'193—4 0534—0 1396 m*. 

Providing 

160 holes of 50 mm diameter (under each slot), area®0*0314 m*. 

160 holes of 30 mm diameter, area=0'l 130 m*. 

Total area of holes in rotor= ss 0’1444 m*. 

UNSOLVED PROBLEMS 

1. Determine suitable stator dimensions for a 300 kVA, 30 Hz, 3 phase alternator to run at 373 r.p.m. 

Take mean gap density over the pole pitch as 0-33 Wb/m*. the specific electric loading as 23,000 A/m. The 
peripheral speed should not exceed 33 m/s. [Am. 0— 1'75 m ; 0‘18 m] 

2. Determine for a 500 kVA, 6600 V, 12 pole. 500 r.p.m., 3 phase alternator, suitable values for (/) the 

diameter at air gap, (1/) the core length, ( lii ) the number of atator conductors, (/r) the number of stator slots. 
Assume a star connected stator winding, a specific magnetic loading 0'6 Wb/m* and a specific electric loading 
of 30,000 A/n:. Assume ratio length : pole pitch—15. Sketch the shape of slot and the arrangement of 
conductors, and specify the insulation. [Am. 0—0’94 m ; L—0 37 m; 5-81 ; Z—1944] 

3. Determine for a 250 kVA, 1100 V, 12 pole, 500 r.p.m.. three phase alternator (/)airgap diameter 

(//) core length, (///) number of stator conductors, (/r) number of stator slots, (vj cross-section of 
tutor conductors assuming average air gap density as 0 6 Wb/m*, ampere conductors pe metre as 28300, and 
the current density to be 3-5 A/m*. [Ans. 0—0*78 m ; £— 0-30 m ; Z—340; 5—90; a,—37-3 mm*] 

4. Derive from first principles the output co-efficient for a 1300 kVA, 2200 V, 3 phase, 10 pole, 30 Hz, 
•tar connected alternator *.vit.i sinusoidal flux density distribution. The winding has 60® phase spread and 
full pitch coils The specific electric loading is 30,000 ampere conductors per metre of periphery and the 
specific magnetic loading is 0 6 Wb/m*. 

If the peripheral speed of rotor must not exceed 100 m/s and the ratio pole pitch/core length is to be 
between 0 6 and 1'0, find suitable values for stator bore and core length. Assume an air gap length of 
6 mm. 

Find also the approximate number the stator conductor*. [Am. 0—1*20 m ; £—0-34 m; Z—2910] 

5. A3 phase altera tor having a full load rating of 11000 kVA at 0 8 power factor, 2200 V, 50 Hz, 

300 r.p ,m. has a stator diameter of 1-9 m, core ien- th 0 3 m and 180 slots. Using the information from this 
machine with suitthle modifications where required, determine the tutor diametee core length, number of 
•loU and conductors per slot for a 3 phase machine to give 2000 kVA at 0*8 power fketor, 6600 V, 50 Hz, 
600 r.p m. (Am. 0—1*44 m ; L—0-45 m ; 5—132; Z ( -14] 

6. A 3 phase alternator has a stator bore of 1*70 m and a core length of 0*33 m. The average gap 

density is approximately 0-55 Wb/m*. Determine a suitable number of slots and conductors per slot for a 
terminal voltage of 6600 V, 50 Hz and 375 r.p.m. Use star connnetion. [Am. 5—144; Z,—10] 

7. A3 phase, 6600 V, 30 Hz, star connected alternator it to ran at 790 r.p m. There are to be 36 
conductors per slot, the flux per pole is 42 x 10"’ Wb and the distribution factor it 0 97. The winding is 
concentric with overhang arranged in two planes. Calculate the number of dots required end draw the 
winding diagram for 4 pole pitches. 

t. An alternator has parallel sided slots 25 mm wide and 80 mm deep. The cross-sect ion of con¬ 
ductors measures 30 x 20 mm* and they are covered with the coil side insulation of uniform thickness and 
placed at the bottom of the slot which is closed by a non- negoetic weJge. Determine the leakage reactance 
due to slot flux only, if the alternator baa a single layer winding having 12 term par coil and 40 ooils In 
•pries per phase. The core legth is 0'8 ro and the frequency 50 Hz. (Am. 6*2 A] 
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9. A 500 MW, 3 phase 2 pole, 50 fb direct water cooled generator ha* a diameter of 13 m snd i 
core length of S' 9 m. The number of turns per phaae is It and there are two pirallcl circuits per phase. The 
average gap density is 0 $75 Wb/m* and the winding factor is 0'92. 

Determine the terminal voltage of the machine. Find also the specific electric loading if the power 
factor is 0 85. 

If the mmf required for air gap is 80 percent of no load mmf, short circuit ratio 0 55, air gap con¬ 
traction factor l'l, determine the length of air gap. [Am. 2 ’,000 V, 2( 0.000, A/m 95 mm) 

10. Design the field winding for ihe following low speed alternator : Ifi pole* : excitation voltage, 

110 V : maximum mmf per coil, 16,000 A. approximately; full load mmf per coil, 12 000 A. Permissible 
loss at full load, per square metre of the total coil surface. 1800 W. The field coil is rectangular with 
rounded corners, the internal < imensiont being 0 30 m xO‘18 m with cornets of 40 mm radius. The total 
height of coil h 0-17 m. [Am. Dcpth«33 mm ; Turns—84] 

11. Obtain the main dimensions of the rotor of a 50 MVA, 2 pole, SO Hz synchronous generator. 

The peripheral speed is limited to approximately 160 m/s. Take an electric loading of 65,000 A/m and a 
mean gap density of 0 575 Wb/m*. Assume a cap length of 25 mm. [Am D» 10 m ; 1—2-3 m] 

12. A two pole, 50 Hz turbo-alternator has a core length of 1*5 m. The mean flux density over the 
pole pitch is 0*5 Wb/m'. the stator ampere conductors per metre are 26,000 and the peripheral speed 100 m/s. 
The average span of coils is one pole pitch. I determine the output which can be obtained from the machine. 

[Am. 41 MVA] 

13. A salient pole synchronous machine has a direct axis synchronous reactance of 1*0 per unit and a 
quadrature axis synchronous reactance of 0-6 per unit. The machine is operated a* a generator with a terminal 
voltage 1-0 per unit aupplying a current of 1-0 per unit to a load having a lagging power factor of 0-8. 

(a) Determine the power angle for the above condition. 

(b) Determine the field current required for this load in per unit of the field current required to pro¬ 
duce 10 per unit terminal voltage at no load. [Am. 19; 1*775] 

14. A 500 kVA, 4 pole 3 phase, 60 Hz, 0*8 power factor, 208 V, salient pole generator has 7.’ slots, 2 

conductor* per slot, and each conductor having 16 parallel strands. The area of each strand is 8-35 mm'.. 
The length of mean turn is 2 0 m. The winding is connected in star wit h 4 circuits per phase. The field 
current at full load is 27-2 A, and the field resistance is 4-55 a at 75 °C. The friction and windage loss is 
4*1 kW, the total iron loss 6‘2 kW and the stray load loss 1*5 kW. Determine the efficiency of the generator 
at full load. Also find the current density in the stator winding. [Am. 95 5%, 2 57 A/mm 1 ] 
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Starters and Field Regulators 

13*1. Motor starters. The function of motor starters, is to prevent the flow of 
excessive currents at starting and thus prevent undue large mechanical stresses which would 
otherwise act on machine parts. At the same time, the starter should allow a current high 
enough to produce a good starting torque so that the motor starts up against the specified 
load. 

The starter may take up the form of a liquid rheostat whose resistance can be 
gradually varied or it may be a metallic resistance starter where the resistance is varied in 
steps. In the case of starters with resistance steps, the current is taken to fluctuate between 
fixed upper and lower current limits. The method of calculation of resistance steps is given 
below. 

13 2. Calculation of resistance steps 

Referring to Fig. 13'!. 

Let /,, 7,—upper and lower limits of current respectively 

«“/./h 

<t >,, useful flux per pole due to currents 7j and 7, respectively 

pa*#,/#, 

ill 

0|7j 

«*number of resistance sections or elements 
n-|-1 *numb; r of studs 

R u R % , R 3 .72« +1 *»total resistance in circuit, on 1st, 2nd, 3rd..,...(» + l)th stud 

r t , r t , q . “(Tii *,). (®* (®s“*®s). 

=» resistance of sections or elements 
r»-« motor resistance 

V— motor or line voltage, J?*»moior ertrf 
#a»slip, and reactance. 



Fig. 13*1. Resistance steps of starter. 
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...(13-2) 


13 2 t. Starter* far d.c. ehuat motor*. Shunt motors are constant flux machines 
and therefore <I>j=«2> 4 and 

To start with, the contact arm is put at stud 1. 

To limit the starting current to Jj, the tesistance 

Bx-F/Zj ...(13M) 

as there is no back ernf. The motor starts rotating and builds up back emf ami therefore 
the current drops to its minimum value /,. Let the back entf at stud 1 be E v 

V-E x 
Rx 

When the current has reached a value the resistance r i of the hr-t :-H.ti'*n is cut 
out and the contact arm is moved to stud 2. As soon as the resistance is cm out, the current 
rises to its maximum value, I x . Let the back emf at stud 2 be E 2 . 

V-E t 

The back emf is proportional to product of flux and speed Flux remains constant in 
a shunt machine and it is assumed that during the notching operation (tin process of cutting 
out a resistance), the speed remains constant. Therefore the back emf E x — E t 

So, 




...(133) 


or 


*1 wj 


...(13-4) 


Similarly, 


V*. ' 


We can write, 

Ix *x lit lit 
From Eqn. 13'5, 

_ £| i?* 

* "“i?, X iJ, X B t 


Bn 

W 


Bn 

~Bn_t 
Rn+ x 


Bu+i 

' Rn ' 


Bn 


...(13-5) 


Bn Bn+i 

n * n 5 

an-} Jfn 




Rx 


as 


R*+x sm 

Hence a 


rn 

Ri 

t». 


■( 3 ) 


l/n 


...(13’6) 


...(137) 


known. 


Eqn. 137 immediately gives us the value of ratio a if resistances B t and r« are 


From Eqn. 13'5, 

R t *=»R i 

JS 4 — 


Rn = *R%-1 «- • n ~ l R i 

The resistance of different sections are ; 
5j«»(l — «)1?| 
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= tt( I — n)R l aa^fj 

r a =R a ~l{ t ■-=**(! —a)R t *mu*r 1 


rn^Iin— An+| 1B =« r ~ l (l -- a)/?|=a" 1 r 1 . 

When the up|> r current limit is fixed, 137 may be wiittcii as : 


1 1 1 



When (lie lower current limit is fixed Lqn. 13 8 is written as : 

J_ 1 1 

„ / L \ * -( rm Ll \ n { 

V V) \ v » ) “If/ 


...(n*8) 


• • • 


039) 


Example 13*1 A 250 V, 370 kW , d.c. «hunt motor has to exert a maximum torque of 
150 per cent of full load torque during the starting period. The resistance of armature circuit 
ie 0 i Q and the full load efficiency i» 84 per cent. The number of elude is 8. Determine 

(») the upper and lower limits of current during starting 
(it) the resistance of each section. 

Solution. 

37 X 10* 

(i) Full loud current- ^-— 176 A- 

Torque is propuniunal to <!’/ and the flux is constant, therefore, the torque is 
proportional to 1. 

Now maximum torque"® I 5 xfull load torque. 

Maximum current /,=* 1 '5 X full load current—264 A. 

Number of studs, n-H =8. .*. Number of sections «i—7. 

From Eqn. 13 'll, 


1 1 


(r m l t \n / 

0 2x264 \ 

l t) -t 

250 ) 


Lower limit of current J l «=«Jj=0*8x264—211 A. 

The current fluctuates between 211 and 264 A during starting. 
Hi) 1 olal resistances at starting jRi=»F//|—250/2'<4—0*947 Q. 

Th** resistance o' 7 sections are : 


r x =* (1 

-«)Jlr--.(l-0 , 8)X0 , 947 

*0*189Q. 

r,««r, 

=0 8x0189 

-0*151 O. 

r 3 ««r 2 

= 0*8X0* 151 

—0*121 Q. 

r 4 -«r, 

— 0*rtX0T2l 

=0 097 Q. 

f 8~* f * 

=0*8 X 0 097 

-0*0/7 O. 

fg-ar, 

—U’Ox 0*077 

-0 062 O. 

r T —ar s 

-0*8 x 0 06J 

-0*050 Q. 

Total resistance of elements 

-0747 0. 

Motor resistance r m 

-0 200 O. 


Total resistance at stalling ^=>0*947 Q 
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Example I3'2, Grade the resistance of a 5 section starter fora 7 6 kW.,250 V, 
750 r.p.m d c. chant motor from the following data : 

Maximum torque during darling perioi=*l‘5 times full hal torijw ; full load 
efficiency**85 5per cent. Armature circuit copper loss is 50 per cent of total lose. Field 
currcnt<m2 6 A 

Find the speed at each stud when the notching takes place. 

Solution. 


7in* 

Fall load line ^ST" 35 ' 1 A - 

Full load armature current—35 1— 2' *=32'5 A. 
Maximum armature current /, —1*5X32*3—4H'd A. 

Total input —7'5 X 10~*/0"855=877J W. 

Total losses at full load =8760—7500= 1270, 

Coppei loss at full load X 1270 =635 W. 

Armature circuit resistance r»=b35/(32 5)*^0'601 il. 
Now number of sections »=5- 



_1_ 


1 

fr m rAn ( 

’ 0 602X48 8 ’ 

\5 

V v j "( 

250 

) 


=0652. 


Total resistances at different studs are : 


Ri 

V 250 

“ /,■“ 48 8 

-5-12 Q. 

R% 

0-652X5*12 

—3 33 ft. 

R* 

-•**,-0 652* X 5* 12 

-218Q. 

Re 

-•**,-0*652* X 5 12 

—i 42 a 

Re 

— «**,— 0 652 4 X5* 12 

—0 94 ft. 

R» 

—r. 

-0 601 Q. 


The resistances of different sections are : 
r,-*i-*,-5 12-333-1-79 fi. 
r.—fi,—12.—3 33- 218—1 15 O. 
r,-*, -**-2 18-1*42 -0 76 Q. 
r 4 -* 4 -*«-l42-0 94-048 Q. 
fj—Ej-jB*—0*94—0'601—3*34 Q. 

Minimum value of current sj 4 —0*652 X 48’8—31 *8 A. 

When notching takes place, the current is at its minimum value. 

.*. Back emf at stud 1 when notching takes place 

E,-r-/,Ui- , 250-3r8x5-12-87-2 V. 

Similarly *,-250 - 31*8 x 3-33-144 1 V. 

*,—250 -31-8 x 2 18-180*6 V. 

*,-250-31*8X 1*42-204*8 V. 

*,-230—31*8X0 94—220*1 V. 

When the motor is running at full load the speed is 750 r.p.m and the back emf,. 

*-250-82*8X0*601-230*3 V. 
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The back cmf is directly proportional to speed. Therefore, the speed at various 
studs is: 

Stud 1, Speed* 750 X*,/J?«750X 87*2/230"2=284 r.p.m. 

Stud 2, Spccd-750xif 1 /l!,’-750x 144 1/230 2 -469 r.p.m. 

Stud 3, Speed—750 X 180*6/230-2-583 r.p.m. 

Stud 4, Speed—750 X 204*8/230*2—667 r.p.m. 

Stud 5, Speed-750x220-1/230 2-717 r.p.m. 

13*2*2. Starter* for d.c. aerie* motors 

Referring to Fig. 13*1. 

On switching at stud 1, there is no back emf and therefore the current is limited by 
resistance B i . This current is the maximum current and is given by 

W/i«. 

The motor now picks up speed and the back emf is developed. Due to the back 
emf the current falls and its value comes down to / 3 b ;f »re notching Just before notching at 
stud 1, let us say that the back emf, is if,'. 

R t 


The current is /, and therefore the dux is The back cmf if,' is proportional to 
product of speed and llux <D,. Let the speed at that instant be iV,. 


Et=*K<J>iNi where £ is a constant. 


...(13*10) 

The resistance r, of the first section is cut out and the current rises to /, and the 
dux changes to O, Let th>• back eon be E%. 

(Assume that the speed remains constant during the notching operation.) 

The resistance in the circuit is now E t . 

r V-E t ' V-K<hN t „ 0 ... v 

A- --jj- 1 - 1 ...(13-11) 

From Eqn. 1310, we have, 

kn,-Z=!&. 

Substituting this in Eqn. 13 11, 

*"E 


or 


In gun ral, for any step Em, 


Em^^Rm. l ~~^-l) 

J l 


Writing wr have 


t-(P-I) 


..(1312) 
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and ((1~ J). 

m 

The relation between r« and U% is : 

r.«J? 1 -[ J K 1 .(l-8)-h^(9-])](i^) ...{13 13) 

But F//*—U|, so that 

r»=2?i£ l~^-“y-^(3-S) J ...(1314) 

The resistances of sections arc : 

fj=ii,—!;,=*>/ijSii I ~a)—JK 4 (P-S) 


rw—i?»- jRn+j—«5S(/i(i_i 

Example 13 3. Estimate the number oj resistance sections and the resistance oj each 
section for the starter of a 7 5 kW, 460 V, d.c. series motor. The starling current varies from 
1'5 to Z times full load current. 

The efficiency is 80 per cent and the resistance of machine measured between terminals 
is 1‘8 Q. Assume that the flux increases by 10 per cent us the current rises from 15 to 2 times 
(As rated full load current. 

Solution. 

Full load current** 450 "^0*3 ^* 

7,-2 x 20*3-40*6 A and /,—1*5x20*3—30*4 A. 
a-/,//,-30*4/40.6-0*75 
and p—Oj/O,— 1 . 1 . 

«-ap-0'75x 1*1-0*825 

and JJi-F// 1 -460/40*6-11*3 Q. 

The resistances of various sections are : 

1 ’3(1 * 1 —0*825)—3*10 Q. 

r,-«r, -0 825X3*1 -2 56 Q. 

r t — Vr x -0*825* X 3*1 -211 Q. 

r*-**, —0*825* X 3* l -1*74 Q. 

Adding these resistances, we have the total equal to 9*51 Q. To this if we add the 
value of motor resistance, «■«. 1*8 Q, we get a total resistance of 11*31 Q. This value is 
equal to 

We should not increase the resistance steps beyond 4 otherwise the total resistance 
would become higher than the required. 

Number of sections—4 and number of studs—5. 

Example 134. Find the resistance of each of the four sections of a starter for a M0 
V series crane motor haring a resistance of 0 8 Q to gim a maximum current of 100 A during 
starting. Assume the magnetization curve to be a straight Hue passing through origin. 
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Solation. Total resistance at starting 

^=,7/7^500/100*50. 

Now a*7 a // a and 5*4>i/® t . 

But a? tlie magnetization curve is linear. 

P“*l/V7l/7 a 

Whence &*«^»(/ i /7 1 )x(/ 1 // 1 )* 1. 

The resistances of the four sections are : 

rjHP1)** 

r «“* r 1 “»:» 

r,*8Vi ==r x 

*’«*=»•''» “>V 


Now, 

fi+r a -i-r a 'l-f a _ h*’» 3 “JRj e *50 O 

fj-ff|-ff|'fr4* i 5'0"“0'3“4'7 Q 

But f i“* r s“ f «“" f «- 

A r 1 *ri*r # *r < *4'7/4*ri75 Q. 

14 2 3. Starters for three phase slip ring induction motors. Let us neglect 
the resistance and leakage reactance of the stator winding. Let X be the standstill reactance 
and E be the standstill emf of the rotor w nding. 


Stud 1. Reference to Fig. 131. 

The motor is switched on to the supply. The machine draws the maximum current 
/ x , Let the slip be § v 


t t E 

‘VWH-VZ*) 

The machine picks up speed and the slip falls and so does the current, 
current just before notching is 7 a . Let the slip be * a at this instant. 

v («,•+*,*z«) 


The value of 


Stud 2. The resistance r a is cut out and the resistance in the circuit is R%. 

The current rises to its maximum value 7j. Let us consider that there is no change 
in speed during notching operation. 

The slip just after notching is i r 


Hence, 






Just before notching at stud 2, the current falls to JT a and slip to # a . 



Thus, from above, we have : 

«i M *tB 

7i “ VW+vW" 






...(1ST 5) 
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or 


From Eqn. 13'15, 




.^1 

*1 


r* 

*»«■! 


(1316) 


and 


Ilf 




Sm+iE _ 


From Eqn. 13* 17 

. 

*J •» 

Combining Eqn. 13’1C and 1318 

*i *i 


iin 

c «"+t 

5* 


ii. 

if, 3 


*3 

~K 


l ltn 


■ a. 


.(1317) 

(13 18) 

.(13'19) 


Now, slip at starting e x — 1 and slip at (rt+1 )<h stud, a» + i=-slip at full loads***,. 
{This is true provided the upper limit of current is the full load current). 


•i 


; —- n 

*1 

>(«)". 


“ 6 

9n 


1* JL» 

nr n « 


Rm 


X 

*=*(*») * 

...(1320) 

Also 

r*/U|“(«)" 


or 

r.«.B,(«) B 

...(13*21) 

Further, 

jBg “#1?,® a*/?i 

Bi'ssfit-s'B, 



—a"-” 1 !?!. 


The sections 

are: 



r l «JB 1 ~H i »Jl i (l-«) 
r,—!?,— R t *mR t (m — «*)**f| 

-J? 4 ®Bj(« , -s , )»« , r, 


From Eqns. IS’ 15 and 1317 

V it) «tW+«2*i») (*»•+*,•**) 


or 


U,»4-X* 


CB normal motors 

for normal motors 

M 


...(IS 22) 


The ratio of the rotor current limits is, therefore, approximately equal to a and this 
Is also the approximate ratio of stator currents. 
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Esample 13 5. Dcsgn Iht motions of a rotor starter for a 
motor, usmg 7 notches. Rotor rr.aiit.incs per phase ^0018 0 The 
be full loud current, for which the .-dip is 2 per cent. 

Solution, Notches ut studs—7. 


75 kW, 3 phase induction 
upper current limit to to 


Number of resistance dements »=6. 
From Eqn. 13 20, 


j i 

#■»(!*,)" —(0 02) k ~=0',2I. 

From Eqns. 13’20 and I > 21, 

01 “..,0 9 

1 Sm O'Oi 

The resistances of element:; ,nv : 


i",=i?»(l -«)«0-9(l-0 h2l) -o ,.,2 0. 
ri—*r, =0 521 x 0-432-0-225 O. 

r « s =a*f 1 —0 52XU'432—0 100 li. 

fi—aVj —0 521 3 x 0 432 -=0062 O. 

r,=«‘r, -=U'521 4 X0 i:.2-=0 032 Q. 

=0 521 4 X 0 432=0 017 Q. 
*» =0 0:8 0 . 


Total resistance of rotor =0 y 4 O. 


This resistance is neatly equ.-l to Il x . 

Example 13 6 Design the 8 yetinns of a 7 stud rotor starter for a 3 phase wound 
rotor induction footer. The shp at full load current is 2% and the maximum starting current 
ts 15 tames full load current The ?* sistanc* of rotor per phase is 0 02 0 . 

Solution. 


B 

Ro,or currem-y^—, 
sE 

Cs -^“if rotor reactance is neglected. 

This means that slip changes directly with rotor current. The full load slip is 2%. 
.*. Slip at T5 times full load current—1 "5 X 2—3%. 

From Eqn. 13*20, 


1 1 

■=(a«) * =»(0 03)"* =0-557. 


U| = 



0-02 
0 03 


—0 &GG 


0. 


The resistances of the sections are : 
r,«(l -*)2?j=»l —(0*557) x 0 666-02950. 

r # «* ri -0*557 x 0 295 =0 165 Q. 
r a =h>r a =0557* x 0 295 =<rO’j O. 

r 4 «a b x =0 557*X 0 29 =0 05! O. 

r»=« 4 r, =0 557* X O’295 =0 028 0. 

r.=a‘r, =0 557 4 x 0‘295 = 0*016 0. 

r» =0 020 O. 


Total resistance of rotor =0*667 O. 


This value is almost eaual ♦* R. 
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Example 13 7, A 37‘5 kW, 4C0 V, 60 Hz, 3 phase dip r<ng induction motor hag > 
copper loti of 1200 W per jhnsc at full load vud a friction and windage lout of 600 W. Th 
rotor resistance per phase is 0’16 Q. 

Assuming that starting currint is not to treed 123 liraJvti l< ad cm rent, irorlc <■ut th 
steps of a 4 section starter. 

Solution. 

Gross rotor output—37*5 fcW—375K* W. 

Roior input —37500+1 'Oil t- Mht — 39200 W 

Now ,lip~ rolorropprlm. 

rotor input 

.*. Slip at fu»l load * m ~ r, c ' 00306. 

Slip at 1'25 times full load current —1*25x0*0306—0'03 25 


and 


Now, 


l 

VI 


■«U«) " -CO-03825) 4 

M£)“*a5§r-” !a 


The resistances of sections are 


r, ^R x [1 -a)»3*92( I -0-442)=2*190 it 
r*—*r, —0*442 X 2*19 —0*968 Q 

— (0*444)*X 2*19 -0 428 ft. 
r 4 -«*r, -(0*442)*x2*19 -0-189 O. 

rm -0-150 Q. 


Total resistance of rotor— 3 925 Cl. 


This is almost equal to R%. 

13 4. Field regulators. 

1 . Shunt generators. The method of calculation of steps of field regulator of a shun 
generator is explained in the following example. 

Example 13'8. Find the section resistance of a 7 stud field regulator for a generate 
to give the limits of 600 and 600 V in equal steps. The magnetization'curve is (liven*.in 5 Fia 
13 2. The field is 934 Q. 

Solution. There are 7 studs and there* 
fore the number of resistance sections is 6. 

The range 500 to 560 V is divided into 6 
lections of 10 V each. The method for cal 
culation of resistances is shown as under : 


Take the step at 550 V. The field 
current corresponding to 550 V is 0 55 A. 

Field circuit resistance 

_550^ iooo 
0*55 ’ 

Resistance to be inserted 

-1000-934-66 O. 



Resistance of section—66 Q. 


«*■ ts*2. Macsetldnt carve of Bnucpie 13*g, 
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Take the step at 540 V. The field current is 0 51 A. 

Total field circuit resistance 1058 Q. 

U 01 

Total resistance to be inserted«= 1058- 934=» 124 Q. 

Resistance of st rtion 124- 66*58 SI. 

The value of resistances of othir sections can be >imilarly calculated. The results 
arc tabulated below : 


Stud No. 


Field Current 

A 


Total re'hrante 

A 


Section nsietanct 

fi 



5 fi 0 . 

060 

934 

550 

0 55 

1000 

540 

0-51 

1058 

530 

048 

1)02 

520 

0 455 

1142 

510 

0-435 

1172 

500 

1 

04175 

1195 



lator for shunt motor is illustrated in the following example : ® 

Example 13 9, Find the suitable shunt field regulator resistance elements Joe m speed 
range of 750 to 1350 r.p.m in increments of 150 r.p.m. for a 250 Y shunt motor Field 
resistance*700 Q. Fig. 13’3 shows the 0.C C. for 750 r.p.m. 

Solatioa, 

Speed range *750 to 1350 r.p.m. 

„ . 1350 - 750 , 

Number of sections*-r = - 1 - =*4. 


• 100 Q. 


Stud 1. Speed* 750 r.p.m. 

Voltage=250 V. 

Corresponding to 250 volts, field current*25 A. 

250 

Shunt field circuit resistance—100 Q. 

Shunt field resistance —100 Q. 

External resistance *0. 

Stud 2. Speed 900 r.p.m. 

In order to get this speed the flux must be 

750 

reduced to «"»0 833 of the flux with 750 r.p.m. ^ 

or the voltage on O.C.C. should be 250 X 0'833 3. 

-208 V. i 

O 

> 

Corresponding to 20fl V, field current 
-1*8 A. 

m Shunt field circuit resistance 
250 non 

—-pg-—139 a. 


SfMH jgmg 

EBSSSBBSSSSS 


Field current —*♦ 

Ht- IM. Main^ iattkw cam of 
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.*. External resistance =*139—100* 39 Q. 


Resistance of step *39 Q. 

The rest of the calculations are tabulated below : 


N Spud 
r.p.m. 

Emf. 
750*150 
~ ii 

V 

Field current If 
from O.C.C. 

A 

Field circuit 
resistance 

250j l t 

A 

Rheostat 

resistance 

R c tOO 

Section 

resistance 

A 

750 

250 

2*5 

100 

0 

... 

900 

:o8 

1*8 

139 

3 ‘) 

39 

1030 

178 

t-4 

179 

71 

40 

1200 

156 

12 

208 

108 

29 

1330 

139 

103 

238 

138 

30 


3. Potentiometer regulator!. Ihes*- irgulators art* used wl.en a wide 
variation in voltage or speed control is- desind. This is very beneficial 
if a gradual control ii drain d or whi n the field current is sin.'.II 

L"t F*voltagc applied to potn tkrmnr, 

fif=total resistance of pot* niioimtCT, 

KR** resistance of untapped portion of potn.tiomeu r. 



J?/*field resistance, m*~R/R(, 

/**total current and 7/=fiel ' curr* nt. 


Pif. 13*4. Potentio¬ 
meter regulator. 


T<>tal resistance between terminals is 

R f x(\-K)R (K-K*)R*+R/R 
Rf+{i -K)R “ R/+(l-K)R 


Total current flowing I 


( K-P)m*Rt*+mRf' 
Rf+mR/{ 1 — K ) 

V T U-£!2±l 


R f l (K-Wm'+m 


_ p f I 

; L H-«l(I-K) J 

■] 


...(13*23) 


Field current //—£{-,* 

The maximum field current is F/2J/. 

The valus of total current I and the field current If can be found for any setting of 
the potentiometer (i.e for any value of K) if the ratio m^R/Rf is specified. 

Note. The design of resistance elements is given in Art. 14*1. 14*2. 14*3 and 14'4. 

unsolved problems 

1. Design a suitable 8 section starter for a 20 h.p. 250 V, 1000 r.p.m dx. ahont motor from tbe 
following data: 

Maximum torque* full load torque; armature resistance-*O'4 fi ; efficiency ■» O'85. 

Plod dm the speeds at which the notching takes place. 

{Am. («) 085, 0-63,0*49,0*38,0*28,0*22.0*16,0 l3 A. 

(») 269,474.530,749,84* 905.952.1000 r.p.m.) 







816 


ELECTRICAL MACHINE DESIGN 


Z Grade the five resistance sections of a 6 stud starter fora 15 h.p., 230 V, 1100 r.p.m. d.c. shunt 
motor. Maximum current is to be limited to W5 times full load current during starting period. The full 
load efficiency of the motor may be taken as 86 percent. Armature copper loss constitutes half of the 
total loss. Field current«2A. Armature resistance*0‘5 Q. 

Calculate also the speed at which lit and 2nd notchings take place. 

[Ana. (a) 0 917,0 670.0-486,0 354,0*257,0 189 ft (ft) 336, 579 r.p.m.) 

3. The starter for a 460 V d.c. series motor has 5 resistance sections and the current limits during 

starting are 120 A and 156 A. The resistance of the machine is 0-19 Q, and between these current limits the 
flux changes by 10%. Find the resistance of each section. [Ans. 0 75, 0-63,0-537,0-449. 0394 Q] 

4. A 15kW, 300 V d.c. series motor has a total resistance of IQ The current during starting is allowed 
to vary between 70 A and 53 A, the corresponding flux are in the ratio 1*22:1. 

Determine the number of steps in the starter and the resistance in each step. 

[Ans. 4 steps; 1-93,1'66, 1-40, i-16 Q] 

5. Find the resistance of each resistance section of a rotor stnrfcr of a slip ring induction motor 
having n rotor resistance of 0 02 fi per phase and a full load slip of 4 per cent. Use 9 notches. 

Determine also the slip at various notches. 

[Ans. Resistance : 0-165, O il, 0 074,0-05.0 0335,0 0225,0 015, 0 01 Q. 

Slip : 1*0,0-67,0-45,0 3,0 2. 0-134,0 09, 0 06,0-04] 

6. Calculate the steps in a 4 step starter for a 3 phase slip ring induction motor, from the following 

data : maximum starting current ^full load current; full load s!ip«2-5 percent, rotor resistance per phase 
-0*02 0. [Am. 0-48,019,0-08,0*03 0] 

7. A 250 V, d.c. shunt motor with a normal speed of 600 r.p.m. takes a shunt field current of 2 A 
when running light. Tf the speed of the motor is to be raised to 1200 r.p.m. in increments of 100 r.p.m.; 
find the resistance sections of a shunt field regulator. Tfie O.C.C. of the motor at 600 r.p.m. is as under: 


Field current, A 

0-4 

0*8 

■m 

1*5 

20 

2-4 

mm 

70 

137*5 

187*5 

225 

1 

250 

270 


[Am. 48-6.34*7, 36*8,390,32*3,261 O] 
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M'l. Design of resistance elements of field regulators. The design of fit Id 
regulators for both motors and generators follows the same procedure. The resistances of 
different sections are calculated as given in Art. 13 3. 

M i l. Material for resistance elements. The material usually used is cons- 
tantan which has a resistivity, O' 46 to 0 53 O/m and mm 1 a resistance temperature co¬ 
efficient, 0'00002/°C (virtually zero) ; and a maximum operating temperature, 500*C. 


Nichrome can also be used It has a resistivity ofl'l to 1'27 O/m and mm 1 and a 
maximum operating temperature of 900—1000°C. 

M12. Size of wire. The field rheostats of generators and motors are designed to 
for continuous duty They are mostly wire wound units ranging in capacity from a few watt 
a few kilowatt. 

The size of wire for a particular current carrying capacity can be calculated as 
under: 

Let 

/■•current carrying capacity of wire, A ; 

{{■•diameter of wire, mm ; l<m length of wire, m ; 
pa resistivity of wire material, O/m and mm*; 

A=»specific heat dissipation, VV/m*—°C’; 
and t •■maximum permissible temperature rise, *C. 

Loss to be dissipated«=/*R«=/ , p ^y^ - gf 

Dissipating surface of wire S=*ndl X 10~* 

Loss dissipated =&A0«»(wflX 1O~*)A0 

Equating (•) and (ii), we have, 

J*»^~ X 10"* j X/ * d 1 ’* 

~ -~-xi0"»J 

The temperature rise 6 may be taken as between 100 to 150*C and soecific heat 
dissipation, A, as 20 W/m 1 — *C. 


-(«) 

—U4T) 
...(14-2) 
—(14*3) 


For constantan p«*0'5 O/m and mm*. Taking 0«"100*0, we have: 

g-J-g-x- 20 * 1 " xicr»—$2. 
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Hence I-3 2 d 1 ** ...(14*4) 

For 0—150'C, we have 7—3'9 d 1 ' 1 ••.(14*5) 

For nichrome, p—1*2 Q/m and mm*. For 0— 100°C, we have 

2 °yg - — X 10“*«2. 

Hence 1-2 #** ...(14*6) 

For »-150 # C, we have 7-2*5 d l ’ B ...(14*7) 


The above relationships are based upon a specific heat dissipation of 20 W/m*—*C. 
From Eqns. 14*4 to 14 7, the diameter of wire can be found out. The standard wire 
size is selected by referring to Table 17'n (British standard sizes of wires). 

The resistance per unit length can be worked out and the length of wire to be used 
for each resistance section can be calculated. 

14 1 3. Resistance bon. Regulator and starter rheostats having heavy gauge wire 
(20 SWG and under or diameter about 1 mm and over) can be arranged in the form of 



Fig. 14*1. Resistance box of field regulator. 

a spiral supported at the ends by porcelain cleats or studs on an iron plate. Smaller gauges 
must be wound on supporting ceramic tubes. The rheostat frame work is enclosed in 
a ventilated cast iron box. Fig. 14 1 shows the design of a box suitable for arranging the 
wires in open spirals. 

Example 14* 1. Design the resistance elements of field regulator of Use generator of 
example 18 8. The resistance of the 6 sections are 68, 68, 44, 40, 80,2oQ. The maximum 
current is 0'6 A. 

Solution, The field regulator is designed for the maximum currant i.e. 0"6 A. 

(») Using cons tan tan wire, a temperature rise of 150*C and a dissipation of 
20 W/m*—°C, we have : 

7—3'9 d 1 '* or 0*6—3*9 d lB . 

d—0 288 mm. 

From Table 17 8, the nearest standard conductor available is 31 SWG and it has a 
diameter of 0 2946 mm and an area of 0*06819 mm*. 

Resistance per meter length—p/a—0*5/0*06819—7*35 Q. 

Length of wire in section No. 1 —66/7*33—8 96 m. 

Length of wire in section No. 2—58/7’35—7*88 m. 

Lw.<gth of wire in section No. 3—44/7*35—5*97 m. 
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Length of wire in section No. 4—40/7*35—5'34 m. 

Length of wire in section No. 5»30/7*35=®4'07 m. 

Length of wire in section No. 6=*23/7‘35—3'12 m. 

I4'2. Design of res!stances for starters for shunt motors. Starters have a 
discontinuous service and are therefore intermittently rated. Thus the rheostxt design for 
a starter is considerably different from that of a continuously loaded held regulator. 

Method I. In this method the design is based upon the continuous ratings for resis¬ 
tance materials, and multiplying constants are then used to estimate their intermittent 
capacity. 

One rule which is favoured by manufacturers is to group the rheostat sections into 
three groups and to allow 4 times the continuous rating for first group, 3 times for second 
group, and twice for 3rd group. Materials used are constantan or nichromc wires for smaller 
currents and cast iron grids for heavy currents. 

An example, given below, illustrates this method. 

Example 14 2. The resistances of a 6 section starter are : 

r,-T 74 Q, r,-274 a, r t -0'76 Q, r 4 -0*40 Q, r,»0*32 Q. 

The maximum and minimum currents during starting arc 60 A and 40 A respectively. 
The full load current is SO A. 

Find areas and lengths of wires used for different resistance sections. 

Solution . The 5 sections are divided into three groups. 

Group I — r,«»r74Q, 

Group II — r,^ri4Q. r,=9'75Q 

Group III — r 4 *»0*49 Q, r,—0‘32 Q. 

(!) Constantan wire 
Group I 

It is designed with 36/4*=9 A continuous rating. 

Using a temperature rise of 150°G. 

From Eqn. 14*4, J—3*9 d** or 9-3*9 d 1 ** 

d—1‘75 mm. 

The nearest standard size is 15 SWG (See Table 17*8). 

It has a diameter of 1*829 mm and an area of 2 627 mm*. 

1*74x2627 

A Length of wire required for 1st section lx ** — ■ ■ —9*15 m 
Group II 

It is designed for 36/3 12 a continuous rating. 

A 12-3*9 d 1 ** or d-2‘12 mm. 

The nearest size is 14 SWG. Its diameter is 2*032 mm and area 3*243 mm*. 

Length of wire for 2nd section l» — - ^ —7‘4 m. 

Length of wife for 3rd section l t — ° —4 85 m. 
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Group III 

Zt is designed with 36/2* 18 A continuous rating. 

18—3*9 d 1 ** or d—278 mm. 

The nearest size is 12 SWG. It has a diameter of 2*642 mm and area of 5*48 mm a . 

. _ . .049x5*48 

Length of wire required for 4th section I*—-jy^r-—5 3 m. 

... , 0'32X5*48 __ 


=5*3 m. 


length of wire required for 5th section 


*3*5 m. 


■6*22 m. 


(it) Nichrome wire. 

Group 1 

From Eqn. 14*6, / M o»—2*5 d 1 '* or 9=2'5 d 1# . 
d—2*36 mm. 

The nearest standard size is 13 SWG. Its diameter is 2*34 mm and area 4*29 nun 1 . 

I’74x4'29 

Length of wire for 1st section Ij—--—6*22 m. 

Similar calculations can be done for other steps. 

It will be noted that the size (area) of nichrome wire is larger than that of corres? 
ponding constantan wire but lengths of wire of former (nichrome) are smaller. 

Method n 

This method is based upon estimation of heat capacity of the wire starting from cold. 
If this is done for the full starting period with an allowance for consecutive starting* It will 
give the correct she for last few steps. Reduction constants can then be used for the earlier 
groups. 

Let 

a—area of cross section of wire, pm 1 ; p—resistivity, Q/m and no 1 . 

A—specific heat, J/kg—°C ; p—density of wire, kg/m a ; 

(—starting time, ■ ; 0—temperature rise, *C. 

Proceeding as in Art. 3*34 (page 109), we have 

- (14 * ) 

If we use constantan wire 

p—0‘5 O/m and mm* ; A—420 J/kg—"C; 

0—8860 kg/m*; 0-I5O°C. 

Putting these values in Eqn. 14*8, we get 

a—0*03 /V ( for constantan -.(14*9) 

For nichrome 

««0 047 l4T -(14T0) 

Example 14-3. Using the data of example 14'2,find the area and length of toire for 
the last section of the eturter if the starting period i» 19 seconds. Use oonstanian so Ire. 

Solution. The maximum current is SO A and the minimum- current is 86 A. The 
effective current for heating may be taken as 43 A. The starting time for this starter is 101 
but it will be unsafe to design resistances for this period only, as there may be several eons 
secutive starts without time for cooling. In order to allow for ample margin, a starting time 
of30sis used, 


..(14*6) 
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From Eqn. 14*9, area of constantan wire required, 

a-0*03/VT —0*03 X 43 xV30 -7 05 mm*. 

The nearest standard size is 11 SWG and it has an area of 6*818 mm*. 

. , . , . . , 0*32X6 818 

Length of wire required—-^-=4 35 m. 

14 3. Design of loading rheostat. The coils ust d in loading rheostats ar made 
up of iron constantan or nichrome wire. The wire is wound over a mandrel in a lathe and 
then the coils are mounted vertically in a frame. 

The size of wire can be calculated from Eqns. (4 2 and 14*3. The usual value of tem¬ 
per ture rise and specific heat disipation are ’• 

temperature rise 0—100® to 150*C and specific heat dissipation A—20 W/m*—°C. 

Table 14*1 gives the size of wire coils for rheostats. 

Table 14*1. Dimensions of wlr«* coils 


Site 

SWG 

Mandrel diameter 
mm 

Length of turn 
mm 

Turns per 
metre 

Maximum length 
mm 


300 

110 

160 

450 


250 

90 

190 

300 


200 

73 

275 

300 


12*5 

48 

360 

300 


6*0 

23 

. —i 

550 

150 


The spacing between coils should be about 3 times the diameter of mandrel. 

Example 14*4 Design a constantan wire rheostat to carry 10 A and to dissipate 
1000 W continuously. 

Solution. Constantan wire having a resistivity of 0 5 Qfm and mm* is used. Taking 
a temperature rise of 150 # C and a dissipation of 20 W/m*—°C, we have from Equ.l4*5, 
10-3*9 d 1 ' 8 .\ d—1*875 mm. 

The nearest standard size is 15 SWG. It has a diameter of 1*83 mm and an area 
of 2*63 mm*. 

Resistance required B—P//*—1000/(10)*—10 0. 

Length of wire required= 10 x 2 '63/0'5—52*6 m. 

Referring to Table ‘4*1, we have : 

diameter of mandrel-20 mm, maximum length of coil-300 mm, turns/metre-275 
pud length of each turn— 73 nun. 
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electrical machine demon 


Length of wire in each coil 

-300 X 1(T» (275 X 73 X10"«) 

-6 02 m. 

Number of coils required 
o*52‘6/6 ,f >2«9. 

1 he spacing between the coils is kept 
approximately three times the diameter of the 
mandrel. 


.*. Spacing between coils 
—3x20—f?0 mm. 

The arrangement of the coils is shown 
in Fig. 14 2. 

Total external surface of box excluding 
bottom-2(250 4 200) X 400 X I0~ # 

4-< 50X200X 10 -,, =*0'41m*. 


40 . 60 


40 


60 


-O ■— fr— ■ 

' Coifs 

—— — Q- 

— 0 — -(&- 

fj- 


Terminals 


200 


2S0 


Fig. 14*2. Resistance box (arrangement 
of coils). The height of un-supported 
coils is 300 mm and the height of the 
resistance box is 400 mm. 


Surface per watt dissipated— 0*41/1000—0*41 X 10~* m*/W. 


This figure serves as a check on the design, because it is found that the 
temperature rise will not be excessive with this type of resistance box provided the external 
surface of the box is not less than 0‘325 m*/VV dissipated. 

14*4. Deaign of grid resiatancea. Resistor grids made up of cast iron ate among 
the oldest and most widely used types of resistors. Individual grids are cast in a shape 
approximating a square wave, with lugs in the end and in the middle to facilitate 
mounting. The resistance of each grid varies approximately from 0*01 fl to 0*18 O. A 
typical grid resistance is shown in Fig. 14*3. Grids are comparatively low in cost but their 
impact strength is low. Individual grids are 
stacked on insulat'd tie rods supported by 
sheet metal end frames. The assembly is 
called a box. Cast grids are used primarily 
where low resistance and high current carrying 
capacity is desired. Their principal field is 
starting and intermittent speed control of 
medium and large size motors. 

Punched steel grid resistors are similar 
in construction and appearance to cast grids, 
except that the individual grids are not cast 
but punched out of alloy sheet steel. 

Compared with cast grids, the punched 

impact and weigh leas. But punched steel grids, cost more and because of their lower mass, 
they reach their final temperature faster and thus have lower ability to absorb momentary 
yverloads. 


190 


I 


IS 




is 

v * 

Ml 


If 


ISO 


160 


Fig. 14 3. Resistance grids, 
steel grids are less subject to damage by 
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The design of grid resistances is complicated as the lens that can be dissipated from 
the surface of the grids depends n>t only upon the surfac? area and the te:nperature rise, 
but alio upon the distance bitween the grids, the distance between the grid boxes and upon 
the means provided for the free passage of air. The values for specific heat dissipation given 
in Table 14*2 are based upon experiments conducted with punched sheet grids similar to the 
one shown in Fig. I4'3 with 6 mm spacing between grids. 

Table 14-2 


Specific heat dissipation from pouched sheet resistance grids 


Temperature rise 

Specific heat dissipation 

Wjirfi—*C 

Enclosed 

Open Type 

100 

30 

4*2 

200 

4-5 

6*5 

300 

6*0 

8*0 

400 

70 

9*7 

500 

8*5 

lie 


Heat dissipation from boa surface. It may be mentioned here that the tern* 
perature rise of the grid units depends largely upon the overall dimensions of the 
assembled resistance and the total loss dissipated, apart from the actual arrangement of the 
grids. An approximate relationship for capacity of a grid resistance in terms of external 
surface is 

G-fiAO 

where $«toal loss dissipated continuously, W ; 

S—external surface of perforated metal box (not including the two ends 
supporting the perforating rods meant for assembling grid boxes), m*; 

average temperature rise of grid metal, *C ; 

A—specific loss dissipation in W/m*—*C 
-16 for 6-200 *C 
-32 for«-500 *C. 

Example 14 5. Using the grid of Fig. 14'3, design a grid resistance to dissipate 
g 000 |p continuously with an overage temperature rise of 300*0, The grid are made up of a 
nickel iron Mom of resistivity 0'2 Q/m and mm * at 0°O and resistance temperature co-efficient 
of 4't'X. lr^O. Assume : 

Thickness of metal—2 mm, and specific heat dissipation from grid surface—6 W/m*~*0. 

The resistance is to be enclosed in a perforated metal bon and the specific heat dissipation 
from boss surface should not be more than 25 W/m* — °C. 

Solntiou. 

Length of current path-0 9 m (approximately). 

Area ofeaoh grid -2 X15-30 mm*. 

Resistance at 0*C-0’2 X 0*9/30-6 X 10"» Q. 
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Resistance (hot) with 300*C rise in temperature 

R«6X 10~*(1+4'5X !0“*X300)«■ 14*1 xl0~» Q. 

The cooling surface of one grid (considering front and back) 

■2 X 0 9 X15 X 10~*«=27 x 1 (T* m*. 

.*. Heat dissipated by each grid**27X]0~ 8 X 6 X300=48'5 W. 

But heat dissipated is also equal to PR. 

7 , **48\ r >/fl4 1 X ICT») or curient /*r.-57 5 
Current density =57"5/30ai 1 ‘9 A/rr.m*. 

This current denrity is rather high but seems reasonable with a high temperature rise 
of 300 C. 

Number of grid boxes (stracks) =2000/48'5 =* 41 

The distance between centres of adjacent grid boxes is kept about 10 mm. 

Length of sta« k «®10x40-f cli*aiance«>420 mm=0 42 m. 

External surface of boxa*0*42x2(016-f0 , l9)=0 ;>94 m s . 

Specific heat disiipation** — a *72 , 2 W/m z —°C 

This is below the maximum allowable limit. 

14 5, Design of heating elements. The materials used for heating elements 
have been discussed in chapter 2. Nichrome is the most commonly used material. 

Dftign of round wire elements. In high temperature furnaces, the heat produced i 1 * 
»he elements is mainly dissipated by radiation as the temperatures are very high. 

Let electrical input, W ; F= voltage applied, V ; 

P=resistance ot element, Q ; 

p—resistivity of element, O/m and mm* 

4—diameter of wire, mm ; J=*length ofeleme.it, m. 

„ ,. , V n F*d« 

Heat input f T*?’ pL ' 

Dissipating surface of wire =»re dl X 10*> m*. 

St 

Heat input of wire surface 

r*d» I _ F*dx 10* 

* 4 

Now 


W/m* 


•..(»*) 


p L ndlx, 10“* 4 pi* 

^r«rf»heat radiated per unit surface of wire 

(See Eqn. 3 9 on page 38) 
-5-7 X10-* eij [TS-TS) W/m* ...(«) 

Here the terra H has been included to take into consideration the effective value of 
emissivity. 

We have radiating efficiency 

**1 for single elements and the value may go down to 0*5 for 
multiple element units 

and e~0‘9 for heating elements. 

From (») and (si), we have 

f-ifptxior. 


P» 


T* 


ApL 


-.(14 a ll) 
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or 


...(14*12) 


l k F» 
d 1 " 4 * ~pP 

Using Eqns. 14*11 and 14*12, the length and diameter of wire can be calculated. 

Design of ribbon elements. Ribbon wound resistance wires can be similarly designed, 
a typical example has already been given in Chapter 3. (See Example 3‘4 page 40). 

Example 14 6. A 2-50 V, 1 0 hW single element eleetrie furnace is to employ a 
niehrome rens'ance wire operating at tOOQ a O. Estimate a suitable diameter «nd length of w.re. 
Take radiating efficiency — I, emissivity — 9'9 and the resistivity of wire —O'424 Ll/m and mm* 

at more. 

The ambient temperature is 20°C. 

Solution, Heat radiated jrorf—5*7 XlO" 8 eij {Tj* -T t *) 

—5'7X HT*X0'9X 1 [(1000+273 ) 4 -(‘2Q+273) 4 ] 

-135X10* W/m*. 

Total heat radiated —qrae (ndlx 10"*) —135X 10~* (nxdlx 10 8 ) 

-424 dl 
— 1000 fgiven) 

or rfi—°* 31 ...(♦) 


Resistance ft 
But 


«F*/P-(250)*/l000-62 5 Q. 
pl 0*424 1 


R* 


-0*54 


l 

d* 


(«/4 )d* (x/4)d* 

—62*5 Q (calculated above) 
i/d*-J 15 

Solving (*) and (is), we have, 

diameter of wire d—0*272 mm and length of wire 1—8*5 m. 

DESIGN OF CHOKES 


»•(«) 


14*6, Design procedure. The design of chokes is similar to design of small trans¬ 
formers as given in chapter 7. 

Let F—voltage applied across the choke, V ; 

/—current through the choke, A : 

0—volt ampere rating of choke— VI; JV—turns per volt; 
di—area of core, m* ; and d»—window area, m*. 

The value of turns per volt T, is taken from Table 7*7. 

It should be noted that the volume of copper in a choke is half of that or a correspon¬ 
ding transformer and therefore a higher value of T» than that given in Table 7*7 can 
be assumed. Actually the choke can be thought of as a transformer with 1 : 1 turns ratio 
and with an output of 0/2. Thus the value of T» corresponding to a volt-ampere rating of 
0/2 should be taken from Table 7'3. 

Flux 1 /4'44 / Tt. 

The value of maximum flux density is taken as about 1 Wb/m* for the core. 

Net area of core di—$•*/&■. 

Assuming a stacking factor of 0*9, gross core area, 
d,i-di/0*9-ril At. 

E—1, T—U or J type laminations are usually used. 
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A square section is normally used for the central limb as a square former Is easy t 
manufacture and a square section gives a smaller length of mean turn as compared to th 
one given by rectangular section. 

i. Approximate width of central limb d—V An 

Winding 

Number of turns T**VxT$. 

Area of wire a—I/8 where 8—current density. 

The value of current density is about 2 5 A/mm 1 . 

Diameter of bare wire d™ V(4/*) a. 

Referring to Tables in Chapter 17, the nearest standard size of wire is selected 
Usually enamelled wire is used but for larger sizes cotton covered wire is used. 

Let ij—diameter of insulated wire. 

Space required in the window for the winding** TafS/. 
v here £/—space factor—0 8 (d/dj*. 

In order to aceommodate former etc. this area is increased by about 20 percent. 

Total window area A*— 1 ’2 TafS/. 

Choice of Lamination 


Referring to Tables 7‘4, 7 5, 7*6, a standard size of laminations which gives the 
required width of lamination and the area of window is selected. 

Impedance of Choke 


Impedance of choke 
Now 


Z-Y/I**Tf(TeI) 


' 3] 


I 


tnmf required for iron parts-f mmf required for air gaps 


T 


, ofdrf-n# at$ h 
1 T 


.(14*14) 


where 


ak—mmf (r.m.s.) per metre required for iron parts correspond¬ 
ing to flux density Bn. 


(The mmf per metre corresponding to B» can be read off from the relevant 2?—*al* 
curves given in chapter 4. This mmf should be divided by V2 to get the value of <K«) 


Hence 


o4-800,000 Bniy/2 
1#—length of each air gap 
m —number of air gaps in aeries in the flux path, 
jpe 

(aU 1«+Hf otf It) Tt 


(1415) 


(1416) 


Usually the value of mmf required for iron parts is very small as compared with mmf 
required for air gapt and, therefore we can neglect ait U, for practical purposes. 

The value of length of k can be adjusted to get the required value of impedance. 

When E—1, T—U or J type laminations are used, there are two air gags* in the 
magnetic path. 

Example 14*7. Design an iron cored choke to be connected aeroee a 290 V, 60 Be 
enpfltf mod to carry « current of 4 A. 



827 


MON Of BLBCftfCAb AffAKAtUI 


Solution. 

Gore 

Apparent power Q—VI—2ZQ X 4—920 VA. 

The choke may be thought of as a 1 : 1 transformer having a ratas< of 0/2 volt 
ampere. 

Corresponding to 920/2=*460 VA, turns per volt T«=2 (from Table 7 3). 

Flux in the core 21 x l0 ~* 

The maximum flux density in the core is assumed as 1*0 Wb/m*. 

Net area of core At— 2’21 X 10~*/P0 m 1 **2210 mm*. 

Gross area of core i<»<»»2210/0 , 9=«2500 mm*. 

Taking a square section for the central limb, width of central limb, 4 =*50 mm. 

Winding 

Number of turns T**V X T#">230 X2"*460. 

Taking a current density of 2*3 A/mm 1 for the winding. 

Area of conductor required o-*4/2"3**r74 mm 1 . 

Required diameter of bare conductor** 1 49 mm. 

Referring to Table 17*7 (Synthetic enamelled copper conductors) the nearest standard 
conductor has : 

, bare diameter <f«=l *5 mm, 

diameter with covering dj** 1*605 mm (medium covering). 

Area of conductor provided a «1'76 mm 1 . 

Space factor Sr— 0*8 ^ ~ 4o5 ) 

«... . . „ , 1*2 X 460X1*76 

Window area required Aw** 1 2-^- m --- 1420 nn. 1 . 

Lamination Siae 


Using E—I laminations and referring to Table 7*4, we have to select a lamination siae 
which has width of central limb 50 mm and a window area of 1420 mm a (minimum). 

Using lamination No. 43 (See Fig. 7*4), 

we have, A—2"—50 mm. 


width of window W*' 


B—A—2D 6-2-2 Xl 


■ 1 \ 


height of window 22f»“5—2 X 1«*3'. 

Area window provided Aw** 3 X 1«*3 square inches** 1925 mm 1 . 
Thus the lamination sins selected suits the choke under consideration. 

Impedance of Choke 


From Eqn. 15*14, for B m —\ Wb/m 1 , we have. 


al*-» 


800,000 


Bm 


800,000 ... 

7z X1 


->563,000 A/m. 

Number of air gaps in series in the flux path as* 2. 
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A From £qn. 14' 16, impedance of choke 

m 

Zaa- _£_- 

T« (ait ait U) 

Now £-230/4-*57'5 Q, 7-460 and re-2. 


Neglecting mmf required for iron parts, we have. 


575- 


(460)» 

2(2 X 563000 U) 


Hence length of air gap If*" 1*61 mm, 

The impedance of coil is approximately equal to its reactance. 
A Inductance of choke coil 



57 5 
2**x50 


H 


183 rnH. 


DESIGN OF WELDING TRANSFORMERS 


14-7. Characteristics of welding transformers. Welding transformers may 
have different designs depending upon the nature of welding operation—arc, butt, seam or 
spot welding. The design of only arc welding transformers is being discussed in this text. 

A welding transformer steps down the mains voltage to the value necessary for striking 
an arc, s*.«. 55 to 65 V. 


Welding transformers should satisfy the following requirements: 

(•) They should have drooping voltage current characteristics. 

(»») The surge current during a short circuit (when striking an arc the transformer is 
short-circuited) should be limited to the least possible percentage above the rated current. 

(sit) The open circuit voltage should not exceed about 80 V. This is required for 
die safety of the operator. 

(»t>) The current should be controllable continuously over a wide range. 

14*7*1. Types of welding transformers. The dropping characteristics are 
obtained by the use of reactance in series with the arc. 
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The series reactance may be obtained in either of the two ways: 

(») A variable reactor may be inserted in the secondary circuit as shown in Fig. 

14-4. 

(»<) The transformer itself may be designed to have a high value of leakage reactance. 
This can be done by using a very wide window, and putting the primary and secondary 
windings on separate limbs. In order to increase the value of leakage flux, an additional 
central limb may be provided with an air gap. 


The power factor of arc welding sets tends to be low owing to large value of reactance 
and therefore to correct the low power factor, shunt capacitors may be installed across the 
terminals of primary winding. 

14*7*2. Electric arc. An electric arc is an electric discharge in gases, accompanied 
by high heat and a bright glow. For an arc to strike, a higher voltage is necessary than to 
maintain it. The voltage required to maintain an arc is given by s 

V V-C+Dl ...(1417) 

where <7** 15 to 20 V, 

D*»2 to 3 V/mm of arc length, 

(■•length of arc in mm and is usually about 2 to 4 mm. 

Thus the value of voltage to maintain an arc is usually about 30 V. 

14'7‘3, Series reactance 

l 

voltage at no load at the secondary terminals, 

F—voltage across the arc, 

/•■•rated welding current, 

and X-*reactance of secondary circuit. 


Welding current / is in phase with voltage, V, across the arc 
or E$ t —V t . 

4 E* % — F* 

J. Reactance required in the secondary circuit - j - 


...(1418) 


This reactance may be obtained by incorporating it in the transformer itself or by 
using a series external reactor. 

Example 14 8. Design a 30 kVA, 230160 V, 50 Hz, single phase muting transformer. 
Design Its series reactor also. 


Solution. 

rmnsformer design 
Gore 


One type construction is used, 

Voltage per turn Et^Ky/ Q ■‘0*55/30*3 V, 
Et 3 


Flux Qrn •* 


4*44 f 4*44X50 


= 13*51 X10"* Wb. 


(Taking £-0-55) 


Assume 2fc»*»l'S Wb/m* 

u . a 13 51X10"*_§_lAjnn 

Net iron area --m 1 **10400 mm*. 

flMH mm urea 10400/0*9■■11555 mm*. 
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Taking a square section for the core. 

Width of lamination a—110 mm and depth of core 10 mm. 

Radius of circumscribing circle d—y/2 X J10—156 mm. 

Window Dimensions 

The average current density for the two windings is taken as 2'6 A/mm*. 
From Eqn. 7‘29, window space factor 

30+kV 30+0*23 3 

From Eqn. 7'6, area of window 

^*“2*22 / B~Kw 8 AiX 10~« 

30 . „„„„„ 

“V22 x 50xrSXO*33X2*6xl0 , Xl0*4XlO-«Xl0-* m “ Z330 ° mm 
Taking height of window to be 3 times its width or #■—3 W». 

Now £T«XlF«—22300 or 3 IP.*-23300. 

Width of window JP»—90 mm. 

Height of window 27»—23300/90e*260 mm. 

Windings 


Primary winding 

Number of turns in the primary winding Tp—XpjEt —230/3— 77. 


Current in primary winding 


7 30X1000 

230 


ISO A. 


A current density of 2*2 A/mm a is taken for the primary winding as it is on the inside 
(near to the core). 

Area of piimary conductor o*—130/2*2—59*2 mm*. 

The primary winding is helical type having two layers with a duct in between. The 
conductor section is chosen with reference to Table 17*1. 


Secondary winding 

Number of turns in the secondary winding T*—60/3 —20. 


Current in the secondary winding /«• 


30X1000 

* 60 ‘ 


>500 A. 


The secondary winding is on the outside and is a bare copper strip and therefore a 
current density of 3*2 A/mm* is used. 

Area of secondary conductor o#—500/3*2—141 mm*. 

The rise of the conductor can be chosen with reference to Table 17*1. 

Resustor Design. The voltage across the arc is assumed to be 30V. Therefore, 
voltage drop in the reactance in the secondary circuit 

/# J- V 15.7 V. 

Taking a drop of 1*7 V in the leakage reactance of tramformer itself. 

Voltage across the reactor—51*7—1*7—50 V. 

.*. Rating of reactor—50X500X10“*—25 kVA. 

The value A for reactor is assumed to be 3*57 V. 
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Flux in the reactor core 


3*57 


>16*1 X 10~* Wb. 


444X50 

The maximum value of flux density in the core is assumed as 1 2 Wb/m a . 

Net iron area of core A<—16'1 X !0" , /l’2 m*==13450 mm*. 

Gross core area At—13450/0*9—14400 mm*. 

Taking a square section for the core : 

Width of core*-120 mm and depth of core—120 mm. 


Number of turns— — ■■ v ^ - ta ^ e ■ 


50 


• 14. 


voltage per turn 3*57 
A core type of construction is used for the choke with 7 turns on each Umb. 

A current density of 3*5 A/mm* is used for the winding. 

Area of conductor—500/3*5—143 mm*. 

The conductor used is bare copper strip. A proper size of conductor can be selected 
with reference to Table 17*1. 

Window space factor is taken as 0*33. 

Ana of window A*—14 X 143/0*33—6000 mm*. 

The window dimensions are * 

Height 110 mm and width JF»—55 mm. 

Impedance of choke—50/500—0*1 Q, 

m 

1 am Eqn. 14*16, impedance of choke Z « 


if mmf for iron parts is neglected. 

FBt 


T${n, at/ t 9 ) 


or 


£— 


as Tt* 


1 

Bt 


Mfrirlr 

Length of air gap 

T* B 14*X3*57 

* % ut,Z *2X800,000X (]-2/S2)* 0*1 

DESIGN OF CURRENT TRANSFORMERS 


m—5*1 mm. 


14-8. Introduction. A current transformer is defined as a transformer for use 
with electrical measuring instruments and/or electrical protective derices for the transformas 
tion of current and in which the current in the secondary winding, in normal condition! 
of use, is substantially proportional to the current in the primary winding and diflerir 
from it by an angle which is approximately zero for an appropriate direction of con* 
nections. 

r roMivMed int °———— *- * 

indicating drcS!^ 9 **"*** <mn ^ orm€r# * transformers are used in measuring and 

W) ProtMhe current Irarntfonturt. These transformer! are used in -aa 

protection equipment like trip coils, relays etc. 08 ® 

There are considerable differences between the duty requirements of these two ma. 

and consequently the design approach relevant to cne type cannot be used for the 2C5 
type. —nor 

. 149 j—««™*« WMfonng m.y be drfnri u one in which uy 

primary condition is reproduced m the secondary dram in exact ratio and phase relation* 
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ship. An alternate definition is that the ideal current 
transformer is one in which the primary mmf is exactly equal 
in magnitude to the secondary mmf. and, furthermore, is 
in precise phase opposition to it. The phasor diagram for 
such a transformer is shown in Fig. 14*3. 

For an ideal transformer 
Ip T,-I, T,* 


or 


Ip 

1. “ T P 

Therefore, the ratio of primary and secondary winding 
currents is exactly equal to the turns ratio. Also, the 
primary and secondary winding currents are exactly 180° 
apart in phase or the phase difference between the secondary 
current reflected buck on the primary side, and the primary 
current is zero. 

However, in an actual transformer the windings have 
resistance and reactance and also the transformer has magne¬ 
tizing and loss component of current to maintain the flux. 
Therefore, in an actual transformer the ratio of currents is 
not equal to the turns ratio and also there is a phase differ¬ 
ence between the primary current and the secondary current 
reflected back on the primary side and consequently we have 
ratio error and phase angle error. 



TsJ* 


Fig .14*3. Phasor dia¬ 
gram of an ideal cur¬ 


rent transformer. 

Fig. 14*6 represents the general phasor diagram of an actual current transformer. 


Let 

K m *** turns ratio 

number of secondary winding turns 
number of primary winding turns 
=**nominaI ratio, 

r«, *,*= resistance and reactance respectively 
of the secondary winding, 

u, *,=resistance and reactance respectively 
of external burden t.e., resistance of 
meters current coils etc. including 
leads, 

Ep, 2?»°* primary and secondary winding in¬ 
duced voltages respectively, 

Tp, ^"■number of primary and secondary 
winding turns respectively, 

F«-“voltage at the secondary winding ter¬ 
minals. 

Ip, /«•“primary and secondary winding cur¬ 
rents respectively, 

fiaephase angle of transformer. 

Os*** working flux of the transformer, 



3** angle between secondary induced volt¬ 
age and secondary current, 

•The terms ere defined below. 


Fig. 14'6. Phasor diagram of an 
actual current transformer 


••The nominal ratio Is equal to the turns ratio In transformers designed without turns compensat ion . 




OBtlON or BLBCIRICAL APPARATUS 


833 


■•phase angle of total burden including impedance of secondary winding 



A * phase angle of secondary load circuit i.e., of external burden 

. x, 

—tan 1 — 
r# 


/ 0 —exciting current, 

/•—magnetising component of exciting current, 

/i—loss component of exciting current, 
a—angle between exciting current / 0 and working flux <X> M . 
It can be shown that: 

Actual transformation ratio 

« h _ rr . Ii cos 8+/* sin 8 

b 7. mk,+ -ZT T. - 


Phase angle 6— 




•;os 8 —It sin 8 
Kn It 


J degrees (electrical) 


Ratio error 


—^ £*, .j——jx ^ P er cent 
—( ^ X100 per cent 


...(1419) 

..(1420) 


..(14 21) 


The phase angle error is given by Eqn. 14*19. 

14*1©. Construction. The current transformers may be classified as : 

(i) Wound T/pe. A current transformer having a primary winding of more than 
one full turn wound on core. 


(ii) Bar Type, A current transformer in which the primary winding consists of a bar 
of suitable size and material forming an integral part of transformer. 


Figs. 14 10 and 14*11 show wound type and bar type transformers respectively. 


The simplest form any current transformer 
can take is the ring type or window type, examples 
of which are given in Fig. 14 12 which shows 
three commonly used shapes i.e,, stadium, cir¬ 
cular and rectangular orifices, The core* if of a 
nickel-iron alloy or an oriented electrical steel 
is almost certainly of the continuously wound type. 
But current transformers using hot rolled steels 
consist of stack of ring laminations. Before 
putting secondary winding on the core, the latter 
u insulated by means of end collars and tircum« 
ferential wraps of elephantide or presspahn. 
These pressboards, in addition to acting as insulating 
medium, most also protect the secondary winding 
conductor from mechanical damage due to sharp 
cornets. The secondary winding conductor is put 
on the core by a toroidal winding machine al¬ 
though hand winding Is still frequently adopted 
tf the number of secondary winding turns is ftnalL 


Primary 


-Stoondary 



Stcondary 

lead 


Fig. 14*10. Wouad type cwrwl tflWifcfllMi, 
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Pig. 14*11. Bar type current transformer. 

After the secondary winding has been placed on the core, the ring type transformer is 
completed by exterior taping with or without first applying chcumferential insulating wraps. 



Fig. 14*12. Laminations for window type current transformers. 

A near relative to the ring type current transformer is the so called ‘'busking type'* 
transformer. This is, in fact, indistinguishable from the ordinary ring type but the term 
is used when the current transformer fits over a fully insulated primary conductor such as 

over the oil end of a terminal bushing of a power transformer or an oil circuit breaker. . 

« \ 

In a split core current transformer the core is split, each half having two finely ground 
or lapped gap faces. These current transformers are assembled on to the primary conductor 
"on site" for either permanent or temporary duty. 

In a bar type current transformer, the core and secondary windings are the same as 
hi a ring type transformer but the fully insulated bar conductor constituting the single turn 
primary is now an integral part of the current transformer. The insulation on the primary 
conductor may be a babelized paper tube or a resin directly moulded on the bar. 

In a low voltage wound type current transformer the secondary winding is wound 
on a bakelite former or bobbin and the heavy primary conductor is either wound _ directly 
on top of secondary with suitable insulation being first applied over the second a: y winding or 
the primary is wound entirely separs tely, taped with suitable insulating material and then 
assembled with the secondary winding on the core. 
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In the manufacture of current transformers the assembly on lamination stacks de¬ 
mands somewhat greater care than ordinary transformers in order to ktep down the reluc¬ 
tance of the interleaved corners as low as possible and hence to minimise the magnetising 
current. Sometimes cut cores are used. 

Whenever possible secondary windings should utiliu the whole availab'e winding 
length on the core, the secondary turns being suitably spaced to accomplish this and the 
insulation between secondary winding and cote earth must be capable of withstanding 
the high peak voltages caused if the secondary winding is open circuited when primary 
current is flowing. In the case of a large number of secondary turns, requiring more than 
one winding layer, the frequently adopted technique is to sectionalize the secondary winding 
to considerably reduce the peak voltage between layers. 

With wound primary current transformers this particular problem is rarely met but 
it is of importance to try to obtain good relative positioning of primary and secondary coils, 
thus minimizing the axial forces on both coils caused by primary short circuit currents. 

14*11. Design principles 

1411*1. Gore 

In order to minimize the error, the exciting mmf be kept to a low value. This means 
that the core must have a low reluctance and low iron loss. A protective current tram- 
former may well operate over a working range of fluz densities extending from the ankle 
point to the knee point (See Fig. 14 13) while the measuring currant transformer frequently 
has a flux density in the regie n of ankle point only (not greater than 0*1 Wb/m a ). Present 
day magnetic alloys used in current transformers are conveniently divided into three 
categories : 

(f) hot rolled silicon steel 

Ui) cold rolled grain oriented silicon steel 

{Hi) nickel-iron alloys. 

Mumetal cores are now commonly used when it is 
essential that transformer errors shall be small. 

Mumttal hat the properties of high permeability, low 
loss and small retentivity, all of which are advan¬ 
tageous in current transformer work. But it has the 
disadvantage that if its maximum relative permeability 
(90,000) occurs with a flux dr nsity of only 0 '35 Wb/m* 
as compared with maximum relative permeability or 
silicon steel (4500) oecuring at a flux density of about 
0’5 Wb/tn a . Mumetal is very costly also. Permender 
has a very high saturation point of *2—4 Wb/m a com¬ 
pared with 0*7 to 0*8 Wb/m* of other high permeability Fl #* M ’^* curve, 

alloys. 

In current transformer practice hot rolled siUoon steels are used in a variety of forms 
for ring type current transformers ‘ring’ stampings (Fig. 14 12) are commonly used. For 
wound-primary type current transformers T—U, L or B and I laminations are used. 

To minimize secondary winding leakage reactance and thus assist in keeping 
secondary circuit impedance to as low levels a* possible, and to • avoid air gaps in the 
magnetic circuit which would lead to higher exciting currents, it is usual to easpoy ring 
shaped cores around which toroidal secondary windings of one or more layers are uniformly 
distributed. Gores generally consist of either a cylindrical stock of laminations as shown in 
ffe. 14*14 or. they are made up of strips wound in spiral form, like a dock spring as<shown 
in Tig. 14*15. The latter method is much to be preferred when grain oriented atognette 
materials are being used, as it ensures that the flux is able to follow the path of minimum 
powifafe reluctance, 
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Pig. 14-14. Cylindrical stack. Fig. 14*15. Spiral core. 

1 he ring—core type of construction it relatively expensive and consequently when 
a high standard of performance is not required, cores made up of rectangular strips or 
C—shaped sections are sometimes employed. The length of magnetic path in core should 
ba as small as is consistent with good mechanical construction and with insulation require¬ 
ments, and in order to reduce core reluctance. For the same reason, joints in the core 
should be avoided as far as possible, as such joints as do exist should be rendered efficient as 
possible by careful assembly. 

The ring type of construction is a robust construction and has the Anther advantage 
of jointless core. 

1411*2 Secondary current rating. 

The value of rated secondary current is 5 A. The secondary current ratings of 2 and 
l A may also be used in some cases, as for example: 

(q) if the number of secondary turns is so low that the ratio cannot be adjusted 
within the requisite limits by addition or removal of one turn, 

(6) if the length of secondary connecting lead is such that the burden due to them- 
at higher secondary current would be excessive.. 

The disadvantage of making transformers with lower secondary current ratings are 
that they produce much higher voltages if they are ever accidentally left with their secon¬ 
dary windings open circuited and they are more costly to produce because of extra time 
involved in winding the increased secondary winding turns. For these reasons, it is better 
to adopt 5 A rating for those applications^where the interconnecting leads are short. This 
Is normally the situation in power installations used in laboratory, or in relatively 
low currant transfornfers where relays and instruments are often mounted on the 
switchgear. 

14*11*3. Primary current rating. 

Whatever equipment a current transformer is feeding, it is desirable that the ratio of 
excitation mmf to primary mmf should be low. It is difficult to achieve this condition if the 
latter quantity is small and an improvement In performance is always obtained at a pxtm 
current level if the primary mmf is increased. Satisfactory results can usually be achieved 
if the primary mtnf ;at rated current of transformer is at least 500 A, and thus transformers 
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with a rated current of 5 n 0 A dr more almost invariably have a single turn primary winding. 
Transformers f'r rati.' g* below 500 A are, where passible, provided with multiturn primary 
windings, if this enables the core size needed for particular duty to be significantly 
decreased. 

The rated primary currents (IS 2705—1984) are given in Table 14 3. 


Table 14’3. Rated primary current 


A 

A 

A 

A 

05 

00 

103 

1000 

10 

125 

125 

1250 

25 

150 

150 

1500 

50 

20 0 - 

200 

2000 


250 

250 

2500 


300 

300 

3000 


41*0 

400 

4 00 


500 

500 

5000 


600 

600 

6000 


750 

750 

7500 



80) 

10,000 


14114. Winding*. 

The windings should be close together to reduce the secondary leakage reactance 
as this increases the ratio error. Round copper wire of about 3 mm 2 is frequently used for 
the secondary windings rated at 5 A. Copper strip is used for primary winding, the 
dimensions of which depend upon the primary current. 

The current density in windings is about 1 to 2 A/mm*. When using bar primary, 
the external diameter of the tube must be large enough to keep the electric stress, in the 
dielectric at its surface, to an acceptable value. 

i 

The windings must be designed.with a view to withstand, without damage, the large 
short circuit forces that are caused when a short circuit takes place on the system in which 
the current transformer is connected. 

The windings are separately wound, and are insulated by tape and varnish for small 
line voltages. For voltages above 7 kV the transformers are oil immersed or compound 
fiHed. 

14*12. Behaviour of transformer under system short circuit. 

When a short circuit occurs on the system, the initial value of current flowing 
through the primary rises to a value 

(- 2/2 

«■ 

where Fj>a= system voltage per phase, 

(i s p.Ui impedance of system, 

Jr»rated primary current. 

If the associated circuit breaker is rated for a breaking capacity of z ampere r.m.s. 
short circuit current, the current transformers must be designed to withstand the effects of a 
current 

1 * 2^2 • 
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There a-e three aspects which are to be considered when 1 short circuit occurs on the 
system : 

(•) Temperature riet 

The temperature rise under short circuit conditions is given by Gqn< 7'i01 on page 432 




+at , 620 K, 


m +a 




22 * 1+01 

The temperature rise should not be more than 20G°G. 

(•<) Current family 

The current density in the primary winding should not exceed the values given i 
Table 144. 


in 


Table 14 4. Current density under short circuit conditions 


Rated tlm 

Current density 

i 

Alnuf 

0*5 

235 

1*0 

165 

20 

115 

30 

95 


(Hi) Mechanical forces 

The short circuit forces in a wound primary current transformer are s 

(а) radial force on primary coil tending to bunt it or in other words if the primary 
winding is not of circular shape, the forces try to make it circular, 

(б) radial force on secondary winding tending to compress it, 

(e) axial forces on both primary and secondary winding and these are compressive. 

The effect of (a) and (h) can be minimised by making the primary and secondary 
coils as circular in shape as possible. The primary conductor should be wound strip 
on edge. 

The dissymmetry between primary and secondary windings, both in axial and radial 
directions, should be avoided. 

The radial force is given by Bqn. 7‘83 on page 414. 

(iT)t h? N. 

This gives rise to a peripheral force 
J*»-^ (<2*)*~? N 

Hoop stress * 

p >~sn£ zr-£ N /- 

whore. S/»primary space factor. 

The value of hoop stress P, must be less than the elastic limit of primary 
Conductor. r 9 
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14 13. Tarns compensation 

Turns compensation is used in current transformers to reduce ratio error. If the 
phase angle of secondary I is zero, the actual ratio 

li«*irf»+“(See Eqn. I4'19 for 8«*0) 


The effect of reducing the number of secondary turns, by say 1 percent, will obviously 
be to reduce actual transformation ratio by 3n equal percentage. By this means, partial 
compensation for the effect of U in increasing the ratio, can be obtained. Usually the best 
number of secondary turns is 1 or 2 less than the number which will make Kn equal to the 
nominal current ratio of the transformer, for example in a 1000/5, current transformer 
with bar winding the number of secondary turns would be either 198 or 199 instead of 200. 
The phase angle error is not significantly effected by a small change in secondary turns. 


Example 14*9. Design a 200JS A, SO Hz current transformer for a watt hour meter. 
The primary is connected to a 6600 V network. The other specifications are : 

External Burden VA—5 at O'86 power factor. 

The permissible errors are (IS 2705 Pt II—2964) 

{for any value of secondary burden between 25 percent to 100 percent.) 


Current . 


T Ratio—±05 percent “1 

. {.Phase angle—30 n t inu<e«J 

Short circuit current" 50 times rated current 


■Duration of short circuit**! e. 


Solution. 
Winding tarns 


s vwv eat 


The primary mmf It T$ is assumed as 
.. Primary turns T 9 *—j—** g^p«=5. 
Secondary current 2W5 A 

Secondary turns 7i“Jr x 5*200. 

Gore 


The total flux in the core will depend upon the total voltage to be generated in the 
secondary winding and not only on the external burden. We assume a total burdea 
(inducing secondary winding and connecting leads) to be 15 VA. 

.*. Eel.** 15 

or secondary induced voltage E»** 15/5**3V. 

Flux in the cow ?Htx#xW * ri * 10 '* Wb ‘ 

Using a flux density of 0 05 Wb/m*. 

„ Net area of core Ai*67‘5 X 10~V0*05 m** 1350 mm*. 

Gross core area Ati** 1350/0*9—1500 mm*. 

Taking a square section for the core with 40 nun side. 

Gross core area provided dfi«1600 mm* and net cote area provided At* 1440 nun*. 
Flux density in core Wb/m 1 . 
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Window dimension* 

From Eqn. 7 29, window space factor 

^lo+kV"*' 30 ^ 66 “° 22 * 

Taking a current density 2 A/mm* 

4 , • , A 2 a, T, 2(I,/*,)T, 

Area of window —=—- --- 

Am A* 

~ 2X 2 ra rX 0^ m ’” 4540 “ ro * 

Taking ratio #w/!F«*«*2, we have 

width of window JF«"*50 mm and height of window"" 10 mrn. 

Windings 

Both primary and secondary windings are put on the same limb as shown in 
Fig 14 6. 

Secondary winding 

Taking a current density of 1*7 A/mm*. 

Area of secondary winding conductor 0i=5/l‘7^»2'94 mm*. 

Diameter of bare conductor required =» 1'93 mm. 

From Table 17*5, the ncarfst standard conductor has.: 
bare diameter **T9 mm 

and insulated diameter *=2045 mm. 

Area of secondary conductor used oi**2‘83 mm*. 

Current density in secondary winding 8»-«5/2'83= 1 94 A/mm*. \ 

1 here are 200 secondary winding turns. Arranging the winding in 5 layers with 40 
turns per layer. 

Height of secondary winding .&*««■40 X 2 045s$ 82 mm. 

This leaves a space of 9 mm on each side between core and secondary winding. 

Using 0*125 mm thick paper between layers. 

Width of srcondaiy winding 6#«"5X2‘045 +4 x 0’125—10*72 min. 

Allowing for bulging the width of secondary winding &»« 12*0 mm. 

Primary winding 

Taking a current density of 2 A/mm*. 

Area of each conductor a?<-200/2**100 mm*. 

A' wc have to insulate primary winding for 6600 V, we shall assume a winding height 
of about 70 mm leaving 15 mm on each side between winding and core. 

Height taken up by each turn ** 75/5—15 mm 
Using 2 strips 13x4 mm in parallel. 

From Table 17*1, area of J3X4 mm strip is 5*14 mm* 

Area of primary conductor used aji«»?x51 , 4*»I02'8 mm*. 

Current density in primary winding 8»*«200/102'8**r94 A/mm*. 

The conductor is covered with paper 

The insulated conductor is 13*5X4*5 mm in size. 

' Height of primary coil -*5X 13‘5«*67*5 mm i 
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with allowance for bulging etc. 70 mm. 

Width of primary winding conductor«*2 X 4‘5=*9 mm, 
with allowance for bulging 10 mm. 

Check on window dimensions 

As a check on width of window, we calculate the width of coils. 
Insulation on core and clearance «=3‘0 mm 

Width of secondary winding =»12'0 mm 

Insulation betwec n primary and secondary windings =4’0 mrn 
Width of primary wincing =10 0 mm 

Insulation between primary and core =5 0 mm 

Total *=34 0 mm. 


T" 


180 



114 


FH. 14-16. Details of current transformer cote sad windings. 
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With width of window equal to 34 mm, there is enough space for accomodation of 
windings. The reason why this dimension is appreciably less than the estimated width of 
50 mm is that the windings are all on one limb instead of being on both limbs as In power 
' transformers and also solid insulation has been used and there are no ducts for oil 
circulation. 


Secondary winding resistance 

Length of mean turn of secondary winding 

£»i«—4xt40+2x3+12]=232 mm. 

Resistance of secondary winding at 75°G 

200 X 0 021X0-232 « 

fl «- - -=0 344 Q. 


1-9 V. 


Resistive drop in secondary winding =/«r#=5 X 0*342=1*71 V. 

The total internal IB drop of secondary winding plus leads etc. may be taken as 


Total burden 

In order to calculate the total burden (internal and external), we calculate the 
burden of instrument. 

VA rating of instrument —5 

IZ drop in instrument =F4//,=5/5= 1 V. 

IB drop in instrument — ( IZ) x p.f. — 1 X 0*85—0 85 V. 

IX drop in instrument “1X y/ l—(0*85 j*—0*527 V 

If we neglect the leakage reactance of the secondary winding, 

total IB drop "“IB drop, in (secondary Winding-Heads -f-instrument) 

-1*9+0*85-2*75 V 

total IX drop -0 527 V. 

From Fig. 14*16, 


tan 8* 


total IX drop 0*527 


—0*192. 


* 

• • 


total IB drop 2*75 
8—10° 54' with cos 8—0‘982 and sin 8—0*189. 
Total emf of secondary winding 
total IB drop 2*75 




*2*8 V. 


cos 8 0*982 

Actual secondary burden—2*8X5—14 VA. 


Actual flux density in core B»~ 


_2jB_ 

4 44 X 50 X14*4 X 10"‘ X 200 


0 0438 Wb/m*. 


Magnetising Current 

Mean length of flux path—2(100+ 34+40)—348 mm. 

Using 02 Grr-.de steel, (See Fig. 4 3) mmf—7A/m (estimated) 
.*. Magnetixing*mmf—7X0*348—2*44 A 

2*44 

and magnetizing current 0*345 A. 


Lota Component 

Weight of core-348 X 40x40 X 10”*X 7*8 X 10*-4*35 kg. 

The specific iron loss can be estimated from Fig. 4*29 by assuming that the loss (s 
proportional to £»*. 



man or kucmcAb ammlatus 


From Fig. 4*29, lou corresponding to Wb/m 1 U 1*2 W/kg. 
.*. Lon per kg for A.-0 0438 Wb/m* 1« 1*2 X (0 0438)* W. 
Total com lon-4 35 X 1*2 X (0 0438)*-0 01 W. 

Lon component of current li—x —^— 

_5®2. X ™_ 0 -,43A. 

Errors at rated Barden : 

From Eqn. 14 19, actual current ratio, 

£ .«JT. | ** 603 ,in * 


-404 

-40*041. 


O'143 X 0*9824-0-345 X 0*189 
5 


From Eqn. 14*21, 

Ratio error—^ j X 100—0*1025% 


which is well within the limits. 
From Eqn. 14*20, 


ph» d*™. 





0*345x0982-0 143 X 0*189 
46X5 


] 


X60 minutes 


-5*33 minutes. 

This is well within the limits. 

Similar calculations can be done for 25 percent burden. 

Hus density at 25 percent burden—0*0488/4—0*01095 Wb/m*. 
For this flux density, at —3 A/m 

Magnetising mmf -3 X0*848-1*044 A 

/■>—O’ N8 A. 

Total core loss«(l/4)*X0*01 -0*625 X10"* W. 

. . , 200 .0*825X1(T» fi.n„ ^ 

Loss com po nent Ji——j-x- kstts——0*036 A. 


4* 


B—404 
Ratio error- 


TW 

0*086X0*9824-0' 148x0* 189 
5/4 


>40*004 


*4wr * 100 ”° 01 perc “' (wUhto Uml “ ) 


-0*036X0*189 


_ . . 180T0*148X0*982—0*i 

Phase angle •—-40x3/1 

—7*4 minutes (within limits). 


3 


X60 
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Temperature rise under short circuit: 

y The shore circuit current of system on which this current transformer is connected is 
' k 50 times the rated value and it continues for 1 s 

.> .*. Short circuit curfent**50 x 20Q*=10,000 A. 

Current density in primary winding conductor 

10,000 , 

—ToB- 9 S A/m “ ' 

This is below the allowable value of 165 A/mm 1 . 

From Eqn. 7'101 on page 432 

Temperature rise under short circuit conditions 


, T 27,4 

vat L 2Tl r 22\4a< J 

f 2 x340+Gl-5xl 620X1*3 "] 

nX 1 2X340 + 2X340+615X1 J 

otl40°C. 

This is below the allowable limit of 200°C. For the above relationship, we have, 
t«== 1 s, 

2’ 1 «0 1 +235 -105 4 235«=340°C, 

K»—\ 3 (assumed), 

o-T9 8* rjXW'-TOxOT-S^xSnOx 10' 6 «6r5 

DESIGN OF PERMANENT MAGNETS 


4 at , 620 

n i nm 


3 K, 1 

» + «< J 


620 X1 *3 


14’ 14. Permanent magnet materials The materials used for the manufacture of 
permanent magnets arc hard magnetic material i.e , materials with a broad hysteresis loop. 

Two general groups of permanent magnet materials are the ‘‘old type" such as carbon 
steel ond other steel alloys that contain chromium, tungsten and cobalt and the "new type*’ 
such as aluminum nickel cobalt alloys called Alnico which are extremely hard and must be 
produced by sintering and the ceramic magnets of which barium ferrite is the chief constituent. 

Table 14 5 gives the data for some materials used for permanent magnets. 

Table 14-5. Permanent magnet materials. 



Remaneuce 

WbtnP 


Co-erclve 

force 

Aim 


Value of 
Bfor 


Value of 
H for 


1% Carbon Steel 
6% Tunsten Steel 




33% Cobalt Steel 
Chromium Steel 
Alnico 
AUni 

AleomuUI 
Alcomax IV 
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14 15. Design procedure. The design of a permanent magnet to give minimum 
volume is given below. 

Let 4*—flux in air gap, Wb ; R—reluctance of air gap—l#(#**d») 

it "length of air gap, m ; At area of air gap, m* ; 

/p«=length of magnet, m ; Ap—cross section of magnet m 1 ; 

(?j*= leakage co-efficient. 

Flux in the magnet— Ci 4> 

The value >f leakage co-efficient Ct is likely to be large and ranges from 15 to 10. 
The value cannot be easily calculated ami therefore it has to be approximated and later on 
confirmed by practical tests. 

Let Bp be the value of wording flux density in the magnet 

Area of magnet Ap—C'i ...(14 22) 

The mmf required f »r air gap is <DR and' the to al mmf required will be larger than 
this as some mmf is consumed in the iron pats This additional mmf is usually 10 to 30 
percent of mmf required for air gip. 

Mmf produced by magnet =*0 1 to 1 3) <h*A. 


Let Hp be the mmf produced by magru t per metre. 

. , (11 to 13) OR 

length of magnet l v ~ - jj - 


...(14 23) 


Volume of magnet" dp Ip 


(I 1 to 1 3) Ci <DR 

Bp Bp 


...(14*24) 


The volume will be mit irnum when the product BpHp**{RR)moa is a maximum. 
Table 14'5 gives the valu s of (BH)ma* and the corresponding values of Bp and Bp for different 
magnet materials. 

Example 14 10. Design, a permanent magnet to have minimum volume . The magnet ie to 
produce a fiat density of 0‘3 Whjm 3 , in a parallel sided air gap 60 mm square and 6 mm long. 
The demagnetization curve of the magnet material ie given below : 


B 

Wb/m* 

0 

mm 

M| 

g 

D 

10 

H 

H 

A/m 


58,000 

55,500 



24,000 

0 

i i 



MW 

IlHIBSiBi 




Solution. The demagnetization curve is plotted in Fig. 14* 17. The BH product is cal¬ 
culated from the data given and is plotted in Fig. 14 17. 

From Fig. 14*17, we find that {BH)m«» occurs with 


jR«s>0*8 Wb/ra* and 17—43,000 A. 


The leakage coefficient is assumed r 2 and the mmf for ire ; is taken as 20 percent 
of air gap mmf. 

Air gap flux $«Spd,~0'3x(3*05)»-0*75x 1(T» Wb. 

Cl 0 2X(V75XI0“*_.a*._, 

Area of magnet A,** —■*- -fiqj m-1875 mm . 

Taking a square section, each side of magnet—48 mm. 

Mmf required for air gap—800,000 IM*—.800,000 X0 3 x6x 10”* 

-1440 A. 











BLEOYKlCAL MACHINB DStfOl 


84c 



FI*. 14*17. Demagoetlzatoin curve and product BH 

Total mtnf required »I‘2xl 440*1728 A. 

1 _.v .J-__ _ total mtnf 1728 

Lengtli of magnet - g -— ^ ^Jqqq m=»40 mm. 

The magnet if roughly a cube. 
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Design of Mechanical Parts 


15’1.' Design of shaft. Thediameter of shaft for an electrical machine is deter* 
mined by considerations of stiffness it. ability to resist deflection due to weight <>f rotor or un* 
balanced magnetic pull rather than strength to transmit power. 

The shaft of an electrical machine designed properly has to satisfy the following req¬ 
uirements : 

(f) the shaft must be strong enough throughout its section to withstand all loads with¬ 
out causing residual strain, 

(If) the shaft must have enough rigidity in order that the deflection of shaft under 
operation of machine does not reach 'such a dangerous value as to cause the rotor to touch the 

stator, 

(Hi) critical speeds of rotation should be different from running speeds of machine. 

A convenient formula for diameter of horizontal shafts under armatures is : 

DUom.rof.h.f, ...(151) 

V r-P-s. ; 

The diameter of the shaft in the bearings is less than the diameter under the armature. 
When the shaft diameter under armature is 150 mm or more a good rule is to make the shaft 
diameter in bearings 50 mm smaller than the maximum diameter. In the case of small shafts 
the diameter in bearings should be about 2/3 of the maximum diameter. 

1S‘2. Bearing*. Plain bearings are used for horizontal shaft machines and thrust 
bearings are used for vertical shaft machines. 

Plain bearings can be either sleeve bearings or anti-friction bearings (».«. ball or roller 
bearings). In horizontal shaft machines, the forces acting in a radial direction are most 
prominent. In vertical shaft machines the axial load acting downwards is taken up by the 
thrust bearings. Radial loads in this case can be caused either by the dynamic unbalance 
of rotor or by unbalanced magnetic pull of rotor towards stator. A simple thrust bearing 
alone cannot take up radial loads and therefore an additional bearing called guide bearing h 
provided. Usually 2 or 3 guide bearings are used in vertical shaft machines depending upon 

the load. 

15'2*1. Sleeve bearing* 

Bearing* for horizontal *hafl machines. Bearings for horizontal shaft machines can 
either be outside the machine or c in be built in the end shields of the machine. Bearings put 
outside the machine are called padestal bearings (see Fig. 151) and are used in medium apd 
large capacity machines. 

B«rimgs built inside end shields are called shield bearings and are used for machine* 
with small and medium outputs (lee Kg. 15*2). 
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Pig. IS'1 Pedestal bearing. Fi - 15 2 Shield bearings 

Bearing dimentiona. Phosphor bronze sleeve bearings are used for small f hctrical 
machines with journal diameters of 50—60 mm 

The ratio of length of sleeve to its diameter varies from 1 ‘5 to 2. 

Fig. 15*1 shows the usual proportions for a padestal bearing. (Dimensions in mm). 

15 2 2. Anti.friction bearings. Anti-friction bearings may be ball or rollor type. 
Ball bearings (Fig. 15'3) arc mainly intended for taking up radial loads. However, they can 
withstand considerable axial loads also. Roller bearings (Fig. 15 4) are used in cases of 
heavier loads than are permissible for ball bearings. Anti friction bearings may be fixed to 
the shaft in many ways, one of the methods is shown in Fig. 15 5. Anti friction bearings are 
lubricated by greese. 



Fig. 15*3. Ballbearing. Fig. 154. Roller bearing. Fig. 155. Fixing of 

ar tMHctlon bearing. 

At present anti-friction bearings are being tiled in electrical machine! with power 
outputs upto 500 kW and some times even more. 

15‘3. Shaft coupling*. Fig. 15*6 shows the usual proportions (dimensions in mm) 
of a cast iron shaft coupling. 

dumber md Hamit# ef bolts 
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The number of bolta In flange couplings are : 


Shaft diameter 


Number of bolts 

50—75 mm 

— - 

4 

75—200 mm 


6 

200 mm and above 


8 

Diameter of bolt«_l.—r= 

d 



7 y number of bolts 

where d is the diameter of shaft. 



Fig. IS 6. Shaft coupling. 

15 4. Frames for d.c. machines. The frame (yoke) of d.c. machines carries the 
Bus also and therefore it must be of sufficient cross-section to carry flux. Fig. 15*7 (a) shows 
a. cross-section which is sufficient for small machines The length of yoke I* is usually made 
larger than the pole cores so as to cover and protect the field windings. The depth of yoke 
i v m*h is then calculated to give the require:- loss-section for the magnetic circuit. 





Fig. 19*7. Stator ftamsi. 
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In large machines, the thickness h may be very small relative to diameter D/. In that 
case the frame is not sufficiently rigid and the required rigidity hat to be obtained by patting 
' metal as shown in Fig. 15 7 ( b) ai d (c). 

In order to check the rigidity, the following relation should be satisfied 

y>i yr xHr ‘ m ‘ •('»*> 

where •/■■moment of inertia ; 

JR “radius at the centre of gravity of crois<section of magnetic 
frame, m; 

£7/=weight of magnetic frame in kg, 

1S*S. Frame* for a.c. machines. Fig. 15 8 shows box type frame for a.c. machines 
and it combines light weight with high rigidity. 



Fig. IS 8. Box type stator frame. 

The following empirical relation-hips may be used for the estimation of dimensions 
a box type frame : 


h-404 


Df_ 

12 


mm 


of 


<“6+0‘01 Di mm 

where Dj, the inner diameter of frame is expressed in ram. 

In order to check rigidity, we should apply the following formulae 

%f" Xl0 #in * •*•(15*4) 


where ©/“weight of stator frame without active iron, kg. 
For induction machines: 


* S. ■ 

*?>“90 ' 


r # m* 


-..(15 5) 


where ^“length of stator core, m. 

For preliminary determination of moment of inertia of the stator frame of a.c. 
machines, R is taken as * 


n 

*"TT mm 

where £a“Outcr diameter of stator core, expressed in mm. 

IS 6. Centrifugal force 

Let weight of revolving body.ig ; 

a “speed, r.p.s.; e 

#“radius of circular path, m. 

Centrifugal force C.F.“(?a»*jR 

“4r*©»*J? N 


...(156) 


( 1 * 7 ) 
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If 1 6. Bracing of rotor winding* 

, Wire bands of rotors. Band* used on rotors of electrical machines are in¬ 

tended far bracing the rotor windings against their shift in the radial direction under action ol 
centrifugal forces 

Wire bands are placed on both active and inactive (overhang) portions of rotor condu¬ 
ctors (see Fig 15*9). 

1 he sizes of bands placed on active portions of conductors are influenced by the length 
of air gap ana the method of cooling of armatures. In general, the wire bands dong the 
active length of winding are only placed in d.c. machines. In induction machines the use of 
suc i ban Js n not possible owing to very short lengths of air gap. 



Fig. 15 9. Wire bands or rotor 

Bands placed along the active length of winding are housed in ring slots an 1 width of 
each band should not exceed 15 to 20 mm. The total width of such bands should not be 
more than 25 to 35 percent of axial length of armature core. 

Breadth of ring slot (7"(2f<+l)d»+2ir mm ...(15‘8) 

where 

Jfi<=»number of turns in a band ; da«■ diameter of band wire, mm ; 

JT— TO mm for dt< 1 ‘5 mm 
■■ 1 ‘5 mm for d»> 1’5 mm. 

The maximum width of bands placed on the end windings (overhang) of induct on 
machines and high speed d.c. machines is about 40 mm. If calculations warrant the use 
of bands broader than 40 mm, the bandings should be subdivided. 

Wire bands are made of tin, steel or bronze wire upto a diameter of 3 mm- 

For the design of banding wires, it is necessary to differentiate between two cases: 

(») active part of winding braced by wedges or located in semi-enclosed slots 

(••) active part of winding braced by bands. 

In case (»), the bands are placed on overhang only and tbe bonds are designed to with¬ 
stand emu ifugal forces due to the weight of overhang. 

In caie (if), the bands am distributed along the a*iai length of armature and they 
withstand centrifugal forces doe to weight of both the active and inactive parts of armatur 
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where 


From Eqn. 157, total centrifugal force, 

C.F.-4i»*0n»B-2ii , G , »*£>b ' , ' 15 

Dm “mean diameter at the position of centre of gravity “.D-d* 

Total tension at the rim .l2n^nQn % Dm 

Let Nt be the total number of banding wires, the diameter of each wire being mm 


Tensile stress in banding material due to weight enclosed 
. T nGn* Dm y 1Q( 

area of bands M(tc/4) d* 

„ 4®** x 10 * N/m* ...(15*10) 

Ntd *» ' 


It should be noted that ds is expressed in mm. 

,* Total number of wires x ^ 

In high speed electrical machines, it is necessary to take into account the additiona I 
teasile stress under the influence of centrifugal forces due to weight of the band itselt. 

Let <?■"weight of banding wires. 

Tensile stress in banding wires due to their own weight 


, AOm*Dm 
Ntd>* 


X10* N/m* 


...(1512) 


But 

Qk-*gbXNtXKDmX^ Xds*XlO-*- xl0~*kg 


whf r<" a#“specific gravity of banding wires, kg/m*. 

...(15*13) 

Total stress on banding wires/r—/i+/* ***^ 5 

This stress should be less than the maximum allowable stress for the material. 

The banding wire* are stretched a little before they are placed on rotor. The stretch 


is such that 

A+/*“(07 to 0‘8)/ # 

where /.»(0*4 to 0*45)/ 

aiM j /“permissible stress for material of wire. 

Usually A-=(0*4 to 0*45) f—fo 

For bronze wire : 

&»1 mm, /-350 MN/m* 

d»“l*5 mm, /=°300 MN/m* 


...(15*15) 

...(15*16) 

...(15*17) 


For steel wires : 

d»“0’5 to 1*2 mm, /=»600 MN/m* 

d»» I ‘5 to 2*0 mm, /-570 MN/m 1 . 

15 4 2. Solid band* (retaining rings). Bands (rings) 
material are used for 

(0 turbo-alternaton 


(»t) high ^eed d.c. machu.js 

iii>) in<Juction machines used for traction purposes. 


of forged or solid cast 
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Construction of stolid bands (retaining ring) for rotor overhang is shown in Fig. 12*20 
on page 735. There is a spigot on wh ch the retaining ring is rcnt« rcd. The conductors are 
sloped conically inward to provide suffinei t space for thickness of the ring and are strongly 
braced to fit closely within the ring without movement. Non-magnetic magnesium and magne* 
sium nickel steels are used for the retaining rings. The non-magnetic property is required in 
order to avoid excessive magnetic leakage and stray load loss. 

' T 'Se stress produced in retain*' : rings of ovethang o.’ turbo-alternators is the 
tummattuu of s' s caused by the ceimtiugal forces produced by their own mass and the 
mass of windings they retain. 

Suppose (?** weight oi mass retained, kg ; 

(?»=weight of ring, kg ; 

Dm** me an diarm ur of mass retained, m *, 

D m r “mean diameter of ri m *, 

»=speed, r.p.s, ; 

Ar *-area of retailor ' •»ig ==£ X b, m* ; 

/“thickness of rim, m ; 

6=*width of ring, m. 

Total centrifugal force C. F. *=2 «*Gn* D*+2 it*Qrn , Dmr 

“2n*»* (GDm+G,Dmr) 

Total tension of the ring T^O.F *2n*»jtn* (GDm+GtDmt) 

Tensile stre c " ; n retaining ring 

fi^~^~-[GD m +GrDmr) 

Total weight of ring Gr=g r X nDm r X tb 

where jfr—density of ring material, kg/m* 

/ tas J ggfe . + n *n*grl) m r' N/m» ...(15 18) 

Example 15 1. Design wire bands for fixing the armature winding of a £400 rpm d.c. 
machine hav ng : 

diameter of armature *246 mm 

length of armature •*80 mm 

depth of slot m. 35 mm 

weight of copper in embedded portion * 3 kg 
and weight of copper in overhang *»10 kg. 

Use steel wires of l't mm diameter, 

Permiseib 1 v ms f—000 MN/m*. The working stre/>' -hould not exceed about O'4 of 
permissible stress. 

Solution. 

Banda over overhang 

Speed “2400/60—40 r.p.s. 

Mean diameter d*«245—35»2J0 mm»0*21 m. 

Permissible tensile stress/i»0‘4 X 600*240 MN/m 1 . 

Number of wins in two sides of overhang 

x 10* (See Eqn, 15 11) 
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4X 10X(40) , X0*21 
" 240 X l0*X(102)* 


X 10**40. 


Number of turns on each end of overhang ik«*40/2 bb 20. 
From Eqn. 15*8 width of each ring 

<MiM-i)d>+2* 

=(20+l)x 1*2+2X1*27 mm. 

Baade on active portion 


Total number of wires Nt 


axax^o^xo^ i 

240 X 10® X (12)*” 


X 10**12. 


Using 2 bands, number of turns in each band =6. 

Width of each band (ring) C’«*(6 +1) X 1 2-f-2 X I * 11 mm. 

Eaaanple 15 2. The rotor of a ,W00 r p m. turbo-alternator has a diameter of 1 m. 
;i Has a retaining ring of 350x45 mm 1 of mean radius 0’49 m. It encloses a copper winding 
of 3000 kg and radius 0 35 m. Find the hoop stress on the ring. The ring material has a 
entity qf 7500 kg/m 9 . 


Solution. 


Speed n—3000/60*50 r.p.s. 

Mean diameter of overhang A*=2 X u 35=0*7 m. 
Mean diameter of ring 21^=2X0*49 ■■0*98 m. 
From Eqn. 15*18, stress in ring 

, nn*GDm 


tb 


+ 1 MgrDm,* 


k( 50)*X 300 x 0*7 


350 X 45X10“* 
»104*7x 10*+ 184*8X10* 
*289*5 MN/m*. 


fa* (50) 1 X 7800 X (0*98)* 


It is clear from above that the total stress in the ring is 289 5 MN/m* out of which 
a stress of 184*8 MN/m 1 (nearly 2/3 of the total stress) is caused by the weight of ring 
itself. 

IS 6*3. Wedgea. If the peripheral speed of rotor is about 30 m/s or above, the 
bracing of active parts of conductor is done by 
wedgfs. Wedges have the cross section shown in 
Fig. 15*10. Thiy are normally made up of wood or 
bakelite. 


The centrifugal force on the wedge can be 
calculated by Eqn. 15*9. If G» is the weight of 
copper and insulation of a slot. 

C.F.-2 **0*f»*/>. 

The wedge can be considered as a simple 
supported beam of length bm having a concentrated 
load at the centre. The maximum bending stress will 
be at tbe centre of wedge and its value is 

.» C.F. X bm hj . 
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The value of shearing stress is checked by 

/«»*0'5 (h-a) L N/m * ...05*20) 

Permissible bending stresses are : 

FFood-8 MN/m* 
fyfulitt-25 MN/m* 
i erm ssible shearing stresses are : 

Wood-2 MN/m* 
ifaJbeftfe—15 MN/m*. 

The height of wedge is_ 

...(15*21) 

V AT* 

The ratio of height of wedge to width of slot is greater than 0 25. 

Example 15 3, A 350 kW, 3600 r p.m, 500 V motor hat the following data. Calculate 
ihe size of wedge a for slots for fixing active part of the winding in this. Ueebakelite wedges 
with width (at the, middle ) of wedge l'Z timet the slot width. 

Diameter of armature**0 5 m, length of urmature=0'35 m, number of armature slots 
*•50, slot dimensions**30 mmxl6 mm, conductor siz =*8x3 8 mm 1 , conductors per slot = 6 

The weight of each conductor with insulation 0 3 kg/m. 

For bakelitei Maximum bending and shearing stresses are respectively 25 Mfl/m* and 
16 MNln*. 

Solution. 


1. Wedges, Weight of active copper 

<7*-6x 0*3x0*35-0*63 kg. 

Speed «*■3600/60*" 60 r.p.s. 

Mean diameter Dm<—D~dt**0'5P—0 03*=0*47 m. 
Centrifugal force C.F.=2w*X0*63 X (60)*X0 47=21 X 10*N. 
Width of wedge b* »1 2 X 16 at 20 mm. 

From Eqn. 15*21, height of wedge 

h>V22j ff ft 


Lb/ 




10»X20X 1Q-* 
35X25X10* 


>8*45X I0-* m. 

The height of wedge used is h**9 mm. The lip has a height of 1 mm. 
Checking stresses at the middle of wedge. 


Bending stress 

~1*5X 


/•*"1*5 


C.F.X6* 

~~Lh* 


re 


2lX10»x20xl0 

0*55 X (9 X10"*)* 


(Eqn. 15 19) 
>22*2 MN/m*. 


This is below the maximum permissible valae. 
Shearing stre s at the middle of.wedge 


. 0*5 C F. 

*' m (h-a)L 


(Eqn. 15 20) 


»05x 


21X10* _ 

t9KlO“*—IX10“*) x0‘35 


■*3*74 MN/m*. 
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This is below the maximum permissible value. 

157, Streasea in poles bolted on to rima. This type of construction is used for 
fjoiea in salient pch' synchronous machines. 

’’eutnlugi.* iurce of a pole. C.F. ZvPQpiPDf •..(15*22) 

where e—maximum rotational speed, r.p.s. ; 

6j>—wiight of pole and field coil, kg ; 

Dj>=diameter at the centre of gravity of poles and field coils, m. 

The tensile stress in bolts of a pole is determined as the ratio of twice the centrifugal 
force *o the total area of crass section of all the bolts in a pole. 


2CF,- _ 

Nb at Nb a» 


Ml 


(15 23) 


where Nb* 1 * number of bolts per pole, 

and os«3cross section of each bolt, mm*. 

The cross section of the bolt is determined by using the internal diameter of bolt 
thread. The maximum number of bolts per pole is 2. The value of/obtained from Eqn. 
15 23 should not exceed 0 7 of the elastic limit for the material of the bolts. 

15 8, Stressea its dove.tailed poles. The centrifugal force acting radially 
outwards is given by Eqn 15*22. 

The calculation of the stress over cross section de (Fig. 15*11) is not io easily made. 
It is desired to calculate force P**AB due to centri¬ 
fugal force of the poles on each side of the cross- 
section de. 


Referring to Fig. 15 11, we have, 

jD-fi 1 —centrifugal force (C.F.) on each 
pole body 

dR—P—resultant force on secti *n de 
6—dovetail angle, p—number of poles. 
From the geometry of diagram, we have, 
e+«+/-^d-2H LBEA 
8-fs—2p or s—2p-8 
Now P—s-flCO/p 

-<2P-*)+ 180/p 
k \ P-8-180/p 

We can write riJ3—2 BF. 


Now 

But 


BF—BB cos p— BE cos (0—180/p). 
BB cos #-££-} DE 



DE 

2 cos 6 * 



Ml* 15*11. Stmt's os dove¬ 
tailed poles. 


Thus 


"■■"TSTi --S-HSM 
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8*7 


and AB-'lBF^DE 

cos 0 

A Force on section de»»C F. X —~5/?L ...{15 24) 

cos v 

IS 9. Stresses in turbo, alt e raft tor rotors The electrical and mechanical design 
of a turbo-rotor must be carried out together* because the space available for field copper 
cannot be determined until the steel below the rqtor coils required for mechanical strength 
has been find. — 

15 91, Stresses at the bottom of teetb. Assume that every tooth carries the 
centrifugal force due to its own weight and that of contents of one slot. It is also assumed 
for simpification that the total weight of copper, insulation and wedge in a slot is the same 
as that of an equal volume of steel. 

Let g»=*density of steel, kg/m>; 

n™ speed of rotor, rps.; 

cc—angle subtended by each slot (See Fig. 15'12) 

“outer diameter of rotor, m ; 

Dr,—diameter of rotor at the bottom of teeth, m ; 

L—axial length of machine, m; 

1—thickness of tooth at the bottom, m. 

Let us consider an elementary strip of width d* at a radius s. 

Weight of steel plus copper, insulation etc. over slot pitch in the elementary strip 

A ^•■■density X volume of strip 


■* x£x (w 


t'jdx 


pitch 


- 2 "^ 360 "*** 

Centrifugal force due to this weight 
AC.F.—4n , AG'*» l * 

zHz 

, Total centrifugal force over a slot 



-t 


Fig. 13* 12. Turbo-alternator rotor. 


J.F.-\ AC.F. 

D«w. 


DftH 

j sMs 

DtUt 




.(1525) 
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Stress at the bottom of tooth 

C.F. _ CF. 

J area of tooth = Li 

-Jpr*' - 3 ^ (O-.’-C,, 1 ) N/m 1 ...(15 26) 

Example 15 4, A 2 pole, 3000 r pm lurbo alternator has the following data : 

Diameter of rotor—1'15 m ; number of rotor slot—30 [for spacing) *, depth of rotor 
slot-140 mm , width of rotor slot » 45 mm 

Find (a) the tensile stress at the root of a rotor tooth when the speed is 3000 r.p.m. (6) 
the factor of safety if the rotor speed rises to 20 percent a’>ove normal operating oalne 
The yield ' stress of rotor steel is 620 MNlrri 1 . Steel weighs 7800 kg/m*. 

Solution Outer diameter of rotor D fx = l 15 m. 

Diamch r of rotor at the bottom of .dots 

15— 2x 140x 87 m. 


Width of tooth at the bottom of dot 

wx0 87x 0 3 

1=3 3‘i 


45«»25 mm* 


Angle subtended by each slot a=»360/J9=923°. 

( 4 ) From Eqn. 15 26, tensile stress at the root of the teeth at normal operating 

speed, 

1 - ITwW-JV) 

- 3x25 X 1u-. xW»X(Mrx -^d lS'-OW) 

-178 MN/in 2 . 

(61 T he centrifugal force is proportional of square of speed. 

,*, Tensile stress at 20 percent overspeed 

—(1'2)*X 178=256 3 MN/m*. 


.*. Factor of safety at 20% over speed 


520 


256- 


=203. 


15 9*2. Stresses la rotor disc. Suppose Dr t is the internal diameter of rotor dUc. 

Referring to Fig. 15*12 and using Eqn. 15 25, the centrifugal force on a section of 
the rotor disc enclosed by an angle $ is 


-f m ("'•■-vi 

Vertical component of this force 

~-p*nV {Dtf—Drf) sin 0 
Total v« rtiral component due to half of rotor (for £**180°) 

) ’ « *~gtn*L -—-{Drt'-Drf) X average of sin 8 over 180* 
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- ~ ■*,.»*£-jfe. (BV-Dr, 1 ) 

Stress in the section of rotor disc having a width dr 

-flo N / m * 

When no shaft is used dr^DrJ 2 and jDr,**0 
The stress In such a case is 



16n* 

3 



dr* 


...(15*27) 

...(!5‘28) 


...(15*29) 


1510. Critical speed. The rotor has a natural frequency of vib aiion as it is a 
structure with mass and elasticity. Taking the p’oblem in its most elementary form, the 
shaft can be considered in two bearings carrying a disc of mass w. 

If the mass centre has an eccentricity V from the centre of rotation, then the 
centrifugal force exerted on the mass is 'moirV where car is the angular velocity corresponding 
to speed of rotation. This causes a deflection 8 of the shaft increasing the centrifugal force 
to wear* («-f 8). The deflection is resisted by an clastic force developed by the shaft which 
may be taken as proportional to deflection, say K&. Under equilibrium these two forces 
are equal and opposite 

or £8 mw<w* (e+8) 


or 


* « <Wr* « 


At some speed to* the denominator becomes zero and the deflection thus is infinite. 
This speed is known as the critical tpetd. However, the deflection S does not become 
infinite in practical cases because it is limited by frictional and deflection losses. 
Nevertheless the deflection tends to be very large at critical speed. Thus considerable 
vibrations are set up at critical speed. In small machines with relatively small shafts 
the critieal speeds are always in excess of normal running speeds but with large turbo* 
alternators having long rotors, the critical speed may be near the running speed unless 
special precautions are taken. In such cases the rotor is deliberately designed to have 
csilical speed that is much lower than the normal running speed. This critical speed should 
not bet within 20 percent of the running speed, as otherwise the vibrations set up may be 
dangerous. When starting up, considerable vibrations are experienced as rotor passes 
through its critical speed. This can be avoided by quickly running through the critic^ 1 
speed region. 

15*11. Inertia conatnnt. The inertia of rotating parts of a synchronous machine 
aflects its stored kinetic energy when running. The greater the inertia the greater is the 
kihetic energy. A high inertia machine owing to its large stored energy does not allow 
eXlcetsive changes in its speed when sudden changes in load occur. Thus a high inertia 
ma chine has a higher transient stability limit. Salient pole machines operate at slow speed 
mid in order that they have sufficient kinetic energy to avert large changes in load, they 
should be designed to have a large Inertia. 

The magnitude of the disturbance to which a generator may be subjected is a function 
of the power or a source and receptivity of the generator. Therefore, a machine designed 
to operate on a grid system can be subjected to higher power surges and the risk of instabi* 
lity is reduced when the machine is designed to have a large inertia. 
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However, a machine having a Urge inertia has a large time constant and therefore, 
its response is sluggish. The disadvantage of sluggish response is that the generator will not 
allow rapid corrections in its performance alter sudden disturbances 

The requisite flywheel effect of the rotor is expressed in terms of an inertia constant H 
defined as 

_ energy stored in jou le_ 

rating of machine in volt ampere 


1 _ 

2 


Jo ** 


...(1 30) 


Qx 10 » 

where . J "moment of inertia of rotor, kg—in* 

uir=angnlar velocity of rotor, rad/s; 

Q“kVA rating of machine. 

Monimt of inertia J"FPfc* ...(15*31) 

when- ff*smass of rotor, kg ; and k**radius of gyration, m. 

The inertia constant of a machine is a design criterian which indicates the q'ualty of 
the inherent stability of the machine. The value of inertia constant normally requueJ is 
between 2 to 9s 

Example 15 5, The moment of inertia of rotating parts of a 500 MW, 2 pole, 50 Hz, 
3 phis ’• synchro'love generator is 50 X10* kg~m*. Find thi inertia constant of the generator 
if it is designed for operation at 0 86 power factor lagging. 

Solution. 

Speed-=2 X 50/2 =*50 r.p.s. and angular speed **=2n X 50*314 rad/s 


,, fi 500X10* 

kVA tating" ——"588 X10*. 

From Eqn. 15*30, inertia constant if" 

1 50 X 10* X (314)* 

“2 * 58HX1 » 


1512. Mechanical design of commutators. Refer to Fig. 15*13. 

(i) Length of commutator should make allowance for brush boxes which should have 
enough cleinnu: to provide for good sliding fit for brushes. There should be additional 
lengths Ci and C, at the ends of commutator. 

l\ > a+5+ j~ 0 mm. ...(15*32) 

where spatial play in mm and F«= voltage of machine. 


(it) e»» 1 *2+2 X (thickness of brush 
box) mm. ...(15*33) 

(iii) The length l t is taken 2 s -3 mm 
more than the width o( riser. 

(ip) Total length of commutator 
I««£s+l /+h ...(15*34) 

(«) Height of bar for special much* 
tnes JU-14-7 (O,)* **-10 mm ...(15*35) 

Height of bar for general purpose 
machines *."11*55 (£•)»*»-1() mm 

...(15*36) 


D. is expressed in nun 

The height of tail portion for 
>.-40 m Jk 



Fie. 15*13. Commatatos senaeat. 
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^■■0*45 h* for short commutators ...(15 37) 

■*0*5 K for commutators with £</A«*>about 4. ...(15 38) 

1513. Design of fan. The fundamental relationship for the design of a ventilation 
system for an electrical machine is : 

H-ZV 

where J5T*head of air inside the machine, mm of water ; 

Z ■■hydrodynamic resistance, 

F"*volume of air passing, m*/s. 


In a ventilating circuit there are some sharp or projecting inlet edges, corners and 
variations in cross sections of the air paths. There are losses of head in such cases. There* 
fore, the total head produced by the fan has t> overcome these losses. 


n 

Total head J?*» 

fti 


...(15*40) 


■"2* 1 * 4 * ...(15*41) 

ft1 

where 

A<**co*efficients of hydrodynamic resistances, values of which are shown in Fig. 14*14 
(a) and (6) and Table 15*1. 

speeds of air in corresponding parts, m/s ; 

F—ivolume of air passing per second, m*/a ; 
o<**area of cross section of parts, m 1 . 


Table 151 


Condition of Inlet 


Ht 


Protruding edges at inlet 
Rectangular edges at inlet 
Rounded edges at inlet 


(40-60) X10“* 

sox lcr* 

( 12 - 0 ) 



Eqn. 15*40 can be written as 

1 -s 



<15«*) 


Comparing Eqn. 15*39 with Eqn. 15*42, we have 





»(15*48) 


Thus in order to evaluate hydrodynamic resistance we mutt know the areas of cross* 
lections and the hydmdynamic co^i^claots 
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Fig. 15-14. Coefficients of hydrodynamic resistance. 

'1 otal hydrodynamic resistance of sections joined in series is the summation ot lndivi* 
dual resistances 

Z-Z t +Z t + . 

Idtal hydrodynamic resistance of sections joined in parallel is 

Zm . rr £My^ 

(vzT+vzT 5 

The data required for the design of a fan is: 

(1) Outside diameter of fan D t 


losses in ItW 


(2) Volume of air F-0*9X 


...(15*44) 


where 


losses ■■total losses in machine minus loss in bearings, kW, 
fl—12 to 16°C-«difference of air temperature at inlet and outlet. 

(3) Hydrodynamic resistance Z. 

Step* in Deaigning a Fan 
Refering to Fig. 1515, 

(f) Maximum air passing pjr second for fan operation at maximum efficiency 


r w -2P 


...(15 45) 




(»$*) Peripheral speed of fan at outside diameter 

v t —nD t t% 

Vm 

Area of outlet opening ^ - 

(sis) Width of fan o^jpfr 

where £«■coefficient of utilization. 

(s») Static head of fan under rated duty 
H-ZV* mm of water. 

Static of fan under no load 
fft—1’38 B mm of water 

tm\ ItuUU llUlMlM of fun 
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MS 


where Pj—peiipherat speed at inside diameter 

—*/ «•*-—— m/s 

V * 0 075 ' 

(i.) Number of bUde. — 

HV 

(vii) Power input of fan P/*»9'8I 

where a/—efficiency of fan and its values are : 

O'15 to 0*20 for radial blades, 

0'25 to 0’S for backward bent blades, 

0 3 to 0 4 for forward bent blades. 


*•(1551) 


• *{15 52) 
•••( 15 * 53 ) 
*.(15-54) 


Example 15 6 Des'gna built in centrifugal fan with radial blades for cooling a dc 
machine of 60 k W ani 1000 r.p.m. having a hydrodynamic resistance Z**350. The tffi itne j 
is 90 percent and friction loss in bearings is 5 percent of total loss. The outside diameter of 
famieO 66 m. Outlet opening for air in the end shield has bun made by on arc subtended bi 
lift at Me centre. 9 


Solution. We have efficiency q— -■ — 

’ output-flosses 

01X50 

A losses* —j j. —5 55 kW. 

Losses excluding bearing losses—0*95 X 5*55—5 28 kW. 


From Eqn. 15'44, volume of air required, 

„ 0*9 losses 0*9X528 n . n ,, , . , 

F—---—-j--—0 3 m*/s (assuming temperature rise 8— 16*C). 

Data for design is: 


f 


D g —0*55 m, F—0 3 mtys, »—1000/60—16*67 r.p s. and Z—350. 

(») Maximum volume of air passing F»—2F—2 X0*3—0*6 m*/s (See Eqn, 15 45) 
(ii) Peripheral speed at outer diameter xD, n—irXO‘55X 16 67—28 9 m/s. 
Area of outlet at opening 


Al “T^7 t * See Eqn> 15 ‘ 47) 
0*6 

""0*42 X 28 9 

{Hi) Width of fan (Eqn. 15*48) 


—49*4 X10* mm*. 


_51_. 

v n.nn n f " 


00495 


9*92 itDsK 0*92 XxXO*55x 0*5 


•0*0625 m—62*5 mm. 


{K is assu».>*d as 0*5 as the opening subtends an angle of 180*) 
(<v) Static head fan under full load tf—ZF* 

—350 X (0*3)*—31*5 mm of water. 

Static head of fan under no load fTo—1’33 J& (Eqn. 15*50) 

—1*33 X 31 *5—42 mm of water. 
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(v) Peripheral speed at intide diameter *>,■» 1SM) 

->[ ! 89 '- w - 16 ' 6 “/*• 

Inner diameter of fan 317 mm. 

m wxiooo 

M Number ofW^taJf.-jj^SL— (Eqa. 15*53) 

VX0S17 _ in 
" 1SX0C625 mu ' 

BV 

(vii) Prom Eqn. 15*54, power input of fan P/»9*81- 

n/ 

9*81 X SI 5X0*3 w 

■-ol-* 464 w - 



Computer Aided Design 


16*1, Introduction. The design of electrical machines is both a science and an art- A 
Mtenes because it follows established and universally accepted physical and mathematical 
principles which have been verified by experimental methods and an art In that knowledge 
of these principles is often insufficient to produce correct and economic design. This can 
only be achieved by correct decisions based upon judgment and intution and through 
thorough understanding of the subject. 

The design of electrical machines consists essentially of the solution of many complex 
and diverse engineering problems and normally these problems are loosely interrelated to a 
greater or a lesser degree. In fact the design of electrical machines presents a mathemati¬ 
cally indeterminate problem with many solutions as the number of unknowns is greater than 
the number of equations. 

The psocess of design of a single machine may be divided into three major design 
problems: 

(i) electromagnetic design, (<f) mechanical design and (sit) thermal design. 

These problems may be solved separately and the results combined later on. Addi¬ 
tionally, each of these problems may be further subdivided into simple but loosely related 
elements. Each element may then be considered as a separate problem and this procedure 
may involve the solution of some of elements many times over to arrive at an acceptable 
solution. 

The other aspect of the present day design of electrical machines is designing a set of 
machines, all of whioh form part of a single system. The different machines connected in 
such a system reaet upon eacn other, sometimes considerably and on occasions disasterouily. 
Therefore, the machines require to operate on a system cannot be designed in isolation and 
thus the designs of all such machines have to be completed' concurrently since the design 
of one machine is closely related to the design of other machines. The problem of design 
of electrical machines in this case, is that of optimization of the system performance. 

It is often desired to design a serial of machines having different ratings to fit into a 
given fram siu. In this case the machines over a range of ratings use the same lamination 
(same diameter D) but different core lengths (L) to achieve different outputs. In this 
case the finished designs of machines must be produced in groups, where all the designs 
within a group are interdependent. This is again an optimization problem because a frame 
size has to be optimum giving due weightageto the designs of all the machines within a 
group or a series. 

It t eV — many iterations to arrive at an optimal solution. The iterations require 
chang es in values of variables till both the cost and performance constraints are satisfied. 

It is dear from above that the design of electrical machines is an iterative process 
wherein the assumed data may have to be varied mapylimei to arrive at the desired design. 
The evolution of design to meet specified optfmum'nriteria is matter of long and tedious 
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— -.ions and this is the biggest factor which has led to the wide spread use of digits 
computers for the design of electrical machines. 

16 2. Advantages of digital computers. The digital computer has completel 
* **vr»lutionaliied the field of design of electrical machine*. The computer aided desig 
<4 minates the tedious and tim' consuming hand calculations thereby releasing the designe 
Irenu numerical drudgery to enable him time to grapple with physical and logical idea 
‘Hereby accelerating the design process. 

The use of computer makes possible more trial designs, and enables sophisticate* 
calculations to be made without intolerable tedium and excessive time. 

, The advantages of use of a digital computer for the design of electrical machines ma; 
oe summed up as : 

. ({) It has capabilities to store amount of data, count integers, round off results dowi 

In integers and refer to tables, graphs and other data in advance. 

(ii) It makes it/possible to select an optimized design with a reduction in cost ant 
Improvement in performance. 

(Hi) A large number of loops can be incorporated in the design programme and there 
fore it makes it easier to compare different designs out of which the best suited can be selects 

(tv) It performs all simple arithmetic operations at a high speed and makes it possible 
to produce designs in a short time. 

(c) It is capable of automatic operation, going from one step to another without thi 
attention of operator. 

( vi ) It reduces the probability of error with the result highly accurate and reliable 
results are obtained. 


(ffil) Larger maufaeturing savings can be obtained by optimization of design. This 
optimization is economically feasible only through the use of digital computers. 

(efts) It is capable of taking logical decisions by itself if programmed into thereby saving 
the man hour of the design engineers which can be utilized for other gainful work. 


The high rate of performing calculations at reasonable cost and the ability to carry 
it logical decisions are the most important qualities of the present generation digital com* 
For precisely these two predominating reasons digital computers have been 
ttensively used in the past two decades for the design of electrical machinery. In fact 
digital computers have been responsible for bringing about a complete revolution in the field 
of electrical machine design. 


16 3. Computer elded design—different approach**. The application of 
digital computers to the problems of electrical machine design was first introduced in 1950. 


In the early stages, the use of digital computer for design of electrical machinery was 
limited to transformers only. In the year 1956, Moore 1 et al and Williams* et al discussed the 
•plications of digital computers to the design of transformers. The advantages of digital 
computers described by them for design of transformers equally hold good for the design 
>f rotating machines. 


In the .ame year, Veinott* published a paper on application of digital computers for 
be design of induction motors. A How chart was developed giving basic procedure for the 
iesign of polyphase induction motors. The input data consisted of machine specifications 
; c^Cwith complete dimensions of stator and rotor and the output data gave performance 
M dis '^stance, monetizing mmf, core losses, breakdown torque and costs of iron and 
'by* -vpe.r in fuct developed the analyst* method for the design of polyphase 

Ijrinr'i Mi .r« . 

jlj* concept of oorimization in electrical machine design was introduced by Godwin 4 
i959 pH prog tain for optimization of design of squirrel cage induction motors has been 
* “sentrd jn this paper. Tbe program eliminates a large number of nomuseful combinations 
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of design parameters. The useful parameters were retained and »■ few variables varied to give 
optimized design in the region of satisfactory performance. 

In 1959 itself, Hcroz» et al» through l.icir paper, introduced the concept of two 
commonly acceptable approaches to machine design, namely 

(*) Analysis method ard (ft) Synthesis method. 

16‘3 1 Analysis method. The analysis method of design is depicted in Fig 16*1. 
In this method the choici of dimensions, materials, and types of r. 'nstructiori ire made by the 
designer and these are p.esented in the computer as input data The performance is cal¬ 
culated by the computer and is ref timed to the designer for him to examine. The designet 
examines the performance and makes another choice of input, if necessary, and the perfor¬ 
mance is recalculated. This procedure is repeated over and ■ ver again till the performance 
t. 'juirements are satisfied. 

The use of term analysis method means the use of computer only for the purposes of 
analysis leaving all exercises of ju- gemrnt to the designer. 

The analysis method of design is an excellent starting point for one beginning with 
the use of application of digital computer 1 'for the design of electrical machines and in fact 
most of the designers initially started off with this method. 



Pig. 16* 1. Analysis method of design. 

The advantages of analysis method are : 

(<) It is fairly easy to program, to use and to understand. 

(fi) It results in considerable rime saving thereby giving quick returns on the Vest¬ 
ments made. 

(iti) The programs based upon analysis methods are simple but they fcx _-tne he 
foundations for later day larger and sophisticated programs. 

({«) The results of analysis method are highly acceptable by designers, 

16'3'2. Synthecils method. This method is depicted in Fig. 16*?. The „ wired 
performance is given as input to the computer. The logical decisions required to modify 
the values of variables to arrive at the desired performance are incorporated in the program 
- 1 - et 0 f instructions. Unlike in the case of Analysis method, the program or computer ran 

‘"S,. not interrupted for the deign* <o take logical docidon,. 
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Synthesis method of dasiga implies designing a machine which satisfies a set of specs* 
fixations or piriormance indices. Given a set of performance indices, an infinite nufl$ber 
of designs can be produced to satisfy them. Therefore, the synthesis design should be |Uflh 
that it produces an optimum design oecause the object of any good synthesis program is 
just that only. Synthesis without optimization has no meaning. 

The greatest advantage of synthesis method is the savings in time in lapsed time and. 
in engineering man hours on account of the decision making left to the computer itself. 

The synthesis method, however, suffers from a number of serious disadvantages. They 

are: 

1. The synthesis method involves too much of logic since the logical decisions .are 
left for the computer to take. Now, these logical decisions have to be incorporated in the 
program and before they are incorporated the team of design engineers have to agree upon 
them. 

alt 

Firstly, the logical decisions to arrive at a optimum design are too many and then 
there are too many peoplejwith too many ways to suggest to produce an optimum design 
and it becomes really hard to formulate a logic that really produces an optimum design, a 
design which every contributor believes is optimum. 

2. The formulation of a synthesis program taking into account the factors listed 
above would make it too complex. The complex program so formulated at high cost 
would require the use of a large computer and also large running time involving huge 
expenditure. 

3. The synthesis program formulated at high cost cannot be used for evqg. This 
program has to be changed and up dated keeping m view the changes in materials, manufac* 
turing techniques, performance standards, relative costs of materials, market conditions and 
above all the change in the design logic itself. Therefore, a synthesis program requires both 
additional effort and cost in order that it is kept upto date. 

16 33. Hybrid method. This method incorporates both the analysis as w«U as 
the synthesis methods in the program. Since the synthesis methods involve greater cost, 
the major part of the program is based upon analysis with a limited portion of the program 
being based upon synthesis. 

16‘4. Optimization. It has been pointed out earlier in Art. 1 4 on page 4 that 
the design of electrical machines consists essentially of the solution of many complex and 
diverse engineering problems and normally these problems are loosely interrelated. The 
design of electrical machines in fact presents a mathematically indeterminate problem 
with many solutions as the number of equations is less than the number of unknowns. 

The aim of optimization in the design of electrical machines is to choose the best solus 
don for a given problem from the multitude of possible solutions. 

The optimization process, therefore, involves the choice of various variables in such a 
that the design in regard to a particular feature is the best, and at the same time 
all limitations or restraints imposed on its performance. Hence, optimization is the 
collective process of finding a set of conditions required to achieve the best results from a given 
situation. 

In order to achieve the best possible solution, it is necessary to define the etytaMes of 
study. The objective may vary from one problem to another, but for industrial applications 
it may be either economic or technical. Such economic aims as maximum profit or minis 
mum cost are common, while possible technical objectives might indude the largest yield 
of a particular product from a plant. Normally most industrial optimization has to ha 
carried out within an economic frame work. 

A characteristic feature of optimisation in design of electrical machines is the presence 
of conflicting or opposing influences. For example, the cost of active materials in induction 
hu h can be reduced by using high values of specific electric and magnetic loadings but 
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these high values of specific loadings will result in unsatisfactory performance like high 
temperature rise and poor power factor. The choice of low valuer of specific loadings has 
the opposite effect i.e. high cost and better performance. Th * best design will be obtained 
by the compromise of two main factors f.e. cost and performance, the two exerting opposing 
influences. 

16 4 1. General procedure for optimization. The general objective in optimiza¬ 
tion is to choose a set of values of the independent variables, subject to various restrictions 
which will produce the cl "sired optimum response for the particular problem under examina¬ 
tion. A gem ral approach or procedure can be listed below : 

(t) Define a suitable objective for the problem under examination. 

(ii) Examine the restrictions imposed upon the problem by external agencies. 

(Hi) Choose a system or systems for study. 

(iv) Examine the structure of each system and the inter-relationship of the system 
elements and streams. 

(v) Construct a model for the system. Tins is the technical design stage which 
allows the objective to be defined in terms of the system variables. 

(vi) Examine and define the interna] restriction placed on the system variables. 

(vi.) Carry out the simulation by expressing the objective in terms of the system vari¬ 
ables, using the system model. This is the objectiv function. 

(viii) Analyse the problem and reduce it to its essential ft atures. This reduction is 
necessary in many cases to allow optimization to be attempted. 

(kb) Verify that the proposed model in fact represents the system being studied. 

(x) Determine the optimum solution for the system and discuss the nature of the 
optimum conditions. 

(z») Using the information thus obtained, repeat this procedure until a satisfactory 
result is found. 

16 4 2. Variable* and constraints. The numerical quantities for which values 
are to be choosen in producing a design are called ‘design variables’. The objective function 
*Y* is expressed in terms of the independent variables v , where v represents all the variables 

.., vn, as 

Y ( v) **Y(v it .. Vn) 

subject to m restrictions, generally termed as constraints, of the form 
0#ls)»O 

or £h(v)<0 

the problem is independent of actual application. Here gt(v) can be a variable or a function. 
The sole considerations are now mathematical, and the optimization techniques to be used are 
determined by the mathematical structure of the objective function and the associated restric¬ 
tions. 

16 5. Computer aided design of three phaae induction motors. The convene 
tional dtsign ol 3 phase induction motors is given in Chapter 10 The computer program 
for the dtaign using aynihtaia approach can be formulated with the help of the flow chart and 
arithmetic statements given below. The arithmetic statements are based upon the desks 
equations given in chapter. 

LIST OF SYMBOLS USED 

AKW—Winding factor. 

AMEW—Permeability of free space. 

AC—Ampere conductors per metre. 
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W 

AX—Stator slot depth to width ratio. 

ASS—Area of stator slot, ram*. 

ATG— Air gap mmf, 

AST—Area of stator tooth at 1/3 rd height from narrow end, m*. 

ATST—Total mmf. for alator teeth. 

ATSC—Total mmf. for stator core. 

ART—Area of rotor tooth at 1/3 rd height from narrow end, m*. 

ATRT—Total mmf for rotor teeth. 

ATRC—Total mmf for rotor core. 

AGI —Air gap length, mm. 

BGLOS—Rotor bar copper losses, W. 

BTSS—Stator tooth flux density considering saturation effect, Wb/m*. 

BAV—Average air gap flux density, Wb/m*. 

BCS—Flux density in stator core, Wb/m*. 

BARA—Area of rotor bar, mm a . 

BTR—Maximum flux density in rotor teeth, Wb/m*. 

BLTH—Length of rotor bar, m. 

BTRS—Flux density in rotor teeth considering sturation Wb/m*. 

BTSM—Maximum flux density in stator teeth at 1/3 rd height from narrow end, 
Wb/m*. 

BIMP—Impedance of rotor bar at starting. 

BTS—Maximum flux density in stator teeth, Wb/m*. 

BRS—Bar resistance at starting. 

CO—Output coefficient. 

CI1—Current per phase in stator conductors. 

CONA—Area of stator conductor, mm* 

CIB—Rotor bar current. 

CIE—End ring current. 

GGCS—Carter's coefficient for stator slots. 

CGCR—Carter’s coefficient for rotor slots. 

CCCD—Carter’s co-efficient for ventilating duets. 

CIM—Magnetizing component of no load current per phase. 

CIL—Loss component of so load current per phase. 

CINL—No load current per phase. 

Cl—Effect of magnetising branch on torque of motor. 

CIFL—Full load current. 

CTST—Starting current. 

Cl—Cost of iron per kg. 

CC—Cost of stator copper per kg. 

CR—Cost of rotor copper per kg. 

DIA—Bore diameter, m. 

DELTA—Current density in stator conductor, A/mm*. 
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DSS—Depth of stator slot, mm. 

; DSC—Depth of stator core, m. 

DELB—Current density in rotor ban and end rings, A/mni 
DRB—Depth of rotor bar, mm. 

DRS—Depth of rotor slot, mm. 

DE—Depth of end ring, mm. 

DEO—Outer diameter of end rings, m. 

DEI—Inner diameter of end rings, m. 

DEM—Mean diameter of end rings, m. 

EFF—Rated efficiency. 

ERAR—Area of end ring, mm*. 

EAGL—Effective air gap length, mm. 

ECLOS—Copper losses in end rings, W. 

ES—Rated voltage per phase. 

FLUX—Flux per pole. 

FWL—Friction and windage losses, W. 

GCFS-“Gap contraction factor for stator slots. 

GCFD—Cap contraction factor for ventilating ducts. 
GOFT—Total gap contraction factor. 

LIST—Total iron loss in stator teeth, W. 

LIC—Total iron loss in stator core, W. 

ND—Number of ventillating ducts. 

NLL—Total no load losses, W. 

OD—Outer diameter of stator lamination, m. 

OP—Permeance of overhang portion. 

OLR—Overhang leakage reactance. 

OHL—Overhang length. 

POL—No. of poles. 

PF—Rated power factor. 

PFNL—Power factor at no load. 

P5S—Specific slot permeance for stator slots. 

PRS—Specific slot permeance for rotor slots. 

PFFL—Full load power factor. 

QS—Stator slots per pole per phase. 

QjR.—Rotor slots per pole per phase. 

RKVA—kVA rating of machine. 

RKD—kW rating of machine. 

RDIA—Rotor outer diameter, m. 

RSID—Inner diameter of rotor lamination, m. 

RGSI—Reluctance of air gap with slotted armature. 

R GS—Reluctance of air,gap with smooth armature. 



COttfUTBR AIDBD DBSION 


RCPATH—‘Length of flux path through rotor core, m. 

RM—Resistance due to core losses. 

RS—Stator resistance per phase. 

RB—Resistance of each rotor bar. 

RE—Resistance of each end rin .>. 

RCLOS—Total rotor copper losses, W. 

RROT—Total rotor resistance. 

RSR—Stator referred rotor resistance per phase. 

RPRS —Rotor slot specific permeance referred to stator side 
RSLR—Stator referred, rotor slot leakage reactance. 
RSO—Outside cylindrical surface of rotor, m*. 

RCO— Cooling coefficient for outside rotor surface. 

RSP—Relative peripherical speed of rotor surface. 

RSO—Surface of ventilating ducts, m*. 

ROD-Cooling coefficient for ventilating ducts. 

RTRISE—Rotor temperature rise. 

SLTH—Stack length of machine. 

SYN—Synchronous speed, r.p.s. 

SS—Number of stator slots. 

SR—Number of rotor slots. 

SPRB—Speci.ic resistivity of rotor bars. 

SLTNI—Net iron length, m. 

STKF—Stacking factor for laminations. 

SLF—Slot factor. 

SATSI—Mmf per metre for stator teeth. 

SATSC—Mmf per metre for stator and rotor core. 
SCPATH—Length of flux path through stator core, m. 
SATRT—Mmf per metre for rotor teeth. 

SPLST—Loss per kg in stator teeth, W. 

SPLG—Loss per kg in core, W. 

SGML—Mean length of stator conductor, m. 

SCLP—Length of conductor per phase, m. 

SOLOS—Stator copper losses, W. 

SLIP—Slip at rated speed. 

SSLR—Stator leakage reactance. y 

SRROT—Total rotor resistance at starting, 

SRSR—Stator referred starting rotor resistance per phase. 
SCR—Slip corresponding to maximum torque. 

STGR—p.u. starting current. 

550— Outside cylindrical surface of stator, m 1 . 

551— Inside cylindrical surface of stator, m a . 

SCO—Cooling co-efficient for outside stator surface. 
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SPS—Relative peripherical speed of stator surface. 

SGI—Cooling co-efficient for inner stator surface. 

SSD—Surface of ventilating ducts, m*. 

SSD—Cooling co-efficient for ventilating ducts - 
SLOS—Total stator power loss, W. 

STRISE—Stator temperatute rise. 

TS—Number of turns per phase. 

TWS—Stator tooth width, m. 

TWR—Rotor tooth width, mm. 

TAT—Total magnetizing mmf. 

TWM—Mean width of stator tooth, m. 

TIL— Total iron losses, W. 

TFL—Full load torque. 

TST—Starting torque. 

TRT1—p.u. starting torque. 

TMAX—Pull out torque. 

TRT2—p u. pull out torque. 

TIC—Total cost of iron in rupees. 

TCW—Total cost of winding in rupees. 

TC—Total cost of active material in rupees. 

TE—Thickness of end ring, m. 

TCLOS—Total copper losses, W. 

TFR—Transformation ratio. 

WD—Width of ventiilating ducts, m. 

WSS—Width of stator slot, mm. 

WSO—Width of slot opening, mm. 

WTS—Width of stator teeth at l/3rd height from narrow end, m. 
WRT—Width of rotor tooth at I/3rd height from narrow end, m. 
WTST—Weight of stator teeth, kg. 

WTCI—Weight of iron in stator core, kg. 

WTRI—Weight of iron in rotor, kg. 

WSTW—Weight of stator windings, kg. 

WTRW—Weight of rotor winding, kg 
WRS—Width of rotor slot, mm. 

XM— Magnetizing reactance. 

XZ—Zig-zag leakage reactance. 

XL—Total leakage reactance per phase. 

XS—Total stator leakage reactance per phase. 

XR—Total rotor leakage reactance referred to stator side per phase. 
YSS—Stator slot pitch, m. 

XRS—Rotor slot pitch, m. 

YSS 1—Contracted slot pitch, m. 

ZSS—Stator conductors per slot. 
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ZS—Stator circuit impedance per phase. * 

ZR—Rotor circuit impedance per phase. 

ZM—Magnetizing branch impedance <714?(72. 

ZRM—impedance of rotor and magnetising circuit—<73 

ZI—Total series impedence referred to stator, per phase. 

16 5 2. General design procedure. The flow chart, using synthesis approach of 
design is developed in Fig. 16‘3. The description of the flow chart, block wise, is as 
under: 

B-l. In this block the specifications of motor like kW and voltage ratings, efficiency, 
power factor, number of poles and constraints values like pull out torque, starting torque, 
permissible temperature rise and flux densities in stator and rotor teeth ar fid. Initial 


values of variables and the values of assigned parameters are set here. 

B.2. In this block the following equations are fed to calculate the values of bore 
diameter and stack length of the machine. 

The output coefficient 

CO=»‘011*AK.W*BAV*AG ...(161) 

SYN-2*50/POL ...{16 2) 

RKVA®»RKW/(PF*EFF) ...(16*3) 

DIA»(RKVA*POL/(GO*RYN*PR*3J4)^(l/3) ...(16*4) 

SLTH-PR*314*DIA/POL ...(165) 

After calculating the stack length, the net iron length is calculated taking into account 
the space occoupied by cooling ducts and stacking of laminations. 

SLTNI-STKF*(SLTH-ND*WD) ...(166) 

B.3. In this block the following equations are fed to calculate stator parameters : 
FLUX«=BAV*3‘14 DlA*SLTH/POL ...(16 7) 

TS=AS/(4‘44*5U*FLUX*AKW) ...(16 8) 

Here the number of slots per pole per phase QS, has to be decided by designer. The 
value of QS is generally kept between 2 to 5. 

Total number of stator slots 

SS-3*POL*QS ...(169) 

Stator slot pitch 

YSS»314*DIA/SS ...(16*10) 

Stator conductors per slot 

ZSS-6*TS/SS ...(16*11) 

Stator current per phase 

CI1-RKVA*1000/3*ES -..(16*12) 

At this point the current density DELTA in stator conductors has to be selected by 
the designer. DELTA is expressed in A/mm*. 

Area of stator conductor 

, CONA-CI1/DELTA ...(16*13) 

Taking a suitable value of slot fullness factor SLF. (The value of SLF depends upon 
insulation needed). 

ASS«Z$S*CONA/SLF ...(16*14) 
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AX is the ratio stator slot depth to width which is fixed by designer at an Initial value. 


;lenee depth of stator slot 

DSS-SQRT (ASS*AX) ...(1615) 

and WSS-ASS/SS ...(16*16) 

ASS, DSS and WSS are in mm. 

Stator tooth width at the gap surface 

TWS-YSS-001*WSS ...(16*17) 

At this stage the flux density in the stator teeth is checked. 

BTS-FLUX/(SS*IWS*SLTNI/POL) ...(1618) 

This flux density should dbt exceed 1 ‘7 Wb/m*. 

Depth of stator core 

DCS-(OD*r>IA*001*DSS)/2 ...(16*19) 

where OD is outer diameter, which is fixed for a standard frame sise. 

Flux density in stator core 

BSC-FLUX/DCS*SLTNX ...(16*20) 


B.4. In this block the number of rotor slots are so selected that smooth starting and 
accelera ting conditions are obtained as discussed in Art. 10 22 on page 615. For this purpose 
the initial value of number of rotor slots is taken equal to 1*25 time SS, and this is mnd j fari 
until the following conditions are satisfied 

SS—SR 9 &O, 1.2, POL, POL±l, POL±2, 2*POL, 3* POLand 5*POL ...(16*21) 
The minimum value of number of slots should not go below 0’8SS. 


Bi. In this block the air gap length and rotor parameters are calculated with the 
help of following. 

Air gap length in mm 

AGL-*3+SQJfcT (DIA*SLTH)*2 ...(16*22) 

where DIA and SLTH are in m. 

Rotor diameter 


RDIA«-DIA-*002*AGL ...(16*23) 

Rotor slot pitch 

YRS-3‘14*RDIA/SR ...(16*24) 


Rotor bar current 


CIB-0*85*6*CI 1*TE/SR ...(16*25) 

Area of each bar 

BARA-CIB/DELB ...(16*26) 

The width of rotor teeth is taken equal to the width of rotor slots. 

WR6-TWR-1000* YRS/2 ...(16*27) 

In the rotor dot, 1 mm clearance is left in slot width and S mm in slot depth to det«§» 
w»h»» the bar area, hence depth of rotor bar 


DRB-BARA/(WRS~1) 
and depth of rotor slot is 
DRS-DRB*3 


The flux density in the rotor teeth is then checked. 
BTR-FLUX/(SR*TWR*6*00l*SLTNI/POL) 


..•(16*28) 

..(16*29) 

*..(16*30) 
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The rotor'bats are akewed. Extending the ban by about 20 mm beyond the core on 
each aide and taking 10 mm aa increase in length because of skewing, length of rotor bar 

BLTH«SLTH*'05 ...(16*31) 

The end ring current ia given by following relationship 

CIE-SR*CIB/S14*POL ...(16*32) 

The current density in end rings ia taken same aa that in rotor ban. So end ring area 

ERAR~CIE/DELB ...(16*33) 

The end ring strip of depth DE and thickness TE is used. The depth and thickneaa 
ratio ia fixed aa 

DE-TE*3 ...(16*34) 




(») lend aoct o aa d slots 
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Outer diameter of end ring 

DEO»RDIA- 002*DRS ...(1635) 

Inner diameter of end ring 

DEI-DEO- 002*DE ...(1636) 

Mean diameter of end ring is taken as average of outer and inner diameters. 

Depth of rotor core is taken equal t > depth of stator core. 

Allowing for in axial ventiating duct of 70 mm width in rotor to allow air to circu¬ 
late through rotor, the inner dia of rotor laminations is 

RSID*RDIA- 002*DRS-2 *DCS-*07 37) 

B.6. In this block the performance of the designed machine is evaluated. This in¬ 
volves the calculation of no load current, no load power factor, losses and efficiency. 

No load current 


(a) Magnetising current. In order to calculate magnetising component of no load 
current, the m.m.f. required for various parts of magnetic circuit of machine are calculated 
as below s 


(»1 Air gap. The effective or contracted slot pit is given as 
YSS1 =YSS-CGCS*WSO 


where CGCS is Carter’s coefficient. 


The curves giving the values of Carter's co-efficient are shown in Fig. 4*9 on page 124. 

These curves are approximated by line segments as shown in Fig. 16*4 (a) and 16*4 (6). 

For the purposes of digital simulation the curve can be approximated by the following 
relationship. 

CGCS-1/(14*3*5* AGL/WSO*‘001) ...(16*38) 

Reluctance of air gap with slotted armature 
RGSI« AGL/( AMEW* YSS1 *SLTH) 
and the reluctance of air gap with smooth armature 
RGS=AGL/(AMEW*YLS*SLTH) 

Gap contraction factor for stator slots 

GCFS=YSS/(YSS-CGCS*WSO) ...(16*39) 

Similarly Garter’s coefficient and gap contraction factor for rotor slot are given 
as 8 


CGCR® 1 /(14*3*5* AGL/WRS*001) 

GCFR« YRS/(YRS-CGCR*WRS* 001) 

The ventilating ducts are treated as open slots 
' Carter’s co-efficient snd the gap contraction factor. For 
half the gap length on stator side and half on rotor side, 
gap contraction factor for ducts are 

CGCD-1/0 -f-3‘5*AGL/2*WD) 

GGFD*» SLTH/{ SJLTH 4* COCN*ND* WD) 

Total gap contraction factor is given as 


...(16*40) 

.--(16*41) 

for the purposes of calculation of 
ventilating ducts we may assume 
So the Carter's gap coefficient and 

...(16*42) 
...(16 43) 


GCFT ■* GCFS *GCFR*GCFD ...(16‘44) 

Effective air gap length, taking into account, the gap contraction factor 
EAGL»GCFT*AGL ...(16*45) 

The flux density in the air gap is taken as 136 times the average flux density, BAV 
to take into account the saturation. Hence air gap m.m.f. 

ATG -800* i‘36*B A V*E AGL 


...(16*46) 



Flux density Wb/m 
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(«) Stator teeth. Width of stator teeth at t/ird height from narrow end 
WrS-3’l4*(DlA*0O2*DSV3)/SS-WSS*O0l ...( 1647 ) 

Area of stator teeth per pole at l/3rd height 

AST-SS*WTS*SLTNI/POL ...(1648) 

Flux density considering effect of saturation 

BTSS-1 *36*FLUX/AST ..(16’49) 

^° rr ®*P°nding to this the m.m.f. per metre SATST is found from the curve in figure 
rig. Id For the purpose of computer solution the curve is approximated by equations as 
given tn Table 161. ^ 



Mmf, A/m 


Fig. 16*5. Magnetization cur 'es. 

Hence the total m.m.f. required for stator teeth is 

ATST-SATST*001*DSS ...(1650) 

{Hi) Stator core. The flux density in stator core is BCS (Eqn 16’ 12). Corresponding 
to this flux density the m.m.f. per metre SATSC is calculated as per Table 16*1. This 
m.m.f. is multiplied by length of flux path through stator core which is 

SCPATH ■■S’ 14*' (DIA+ , 0 , )2*DSS*DCS)/(3**POL) ...(1651) 

Hence m.m.f. required for stator core 

ATSC-SATSC*SCPATH ...(16*52) 

(to) Bator teeth. Width of rotor teeth at 1/Srd height from narrow and 

WRT *»3*14*(RDIA—‘004*DSS/3)/SR—*001 *WRS ...(18*531 
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Area of rotor teeth per pole at l/3rd height 
ART-SR*WRT*SLTNI/POL 

Flux density in rotor teeth considering effect of saturation 
BTHS-P36*FLUX/ART 


•(16*84) 

•(16*55) 


Corresponding to this flux density the m.m.f. per metre SATRT is calculated as per 
Table 16*1. Total m.m.f. required for rotor teeth 


ATRT«SATRT*DRS* 001 


..(16*56) 


(e) Bator core. Flux density in rotor core is taken to be sacbe as that in stator core 
l.e. BCS and hence m.m.f. per metre is also same as SATRC. This m.m.f. has to be multi, 
plied by length of flux path through rotor core which is 


RCPATH-314*(RDIA-’OOI*DRS-DCS)/3*POL 

...(16*57) 

M.m.f. required for rotor core 

ATRC-SATSC* RCPATH 

...(16*58) 

Total m m.f. required 

TAT-ATC+ATST4-ATSC+ATRT+ATRC 

...(16*59) 

Magnetising current per phase 

CIM-0 427*POL*TAT/(AKW*TS) 

...(16*60) 


Table 16*1 


Rang* mdamity , FD 

Comtpondtng equation 

0 to 06 

AT-91*8*FD+45 0 

0*6 to 1*0 

AT—200*0*FD—20*0 

1*0 to 1*45 

AT-6 444* EXP(3*2*FD) 

1*43 to 1*7 

AT—00052*EXP (81*FD) 

1*7 to 2*0 

AT—0-6*7*EXP (5-23*FD) 


/ (5) Loas component. The loss component of the current ia calculated as under. 

Mean width of stator teeth 

TWM-514*(DIA+001*DSS)/(SS-001*WSS) ...(16 61) 

Weight of stator teeth 

WTST-DENI*SS*TWM*5LTNT*DSS**001 . ..(16*62) 

Corresponding to maximum flux density the specific iron loss SPL8T, is determined by 
the curve in Fig. 16*6. The curve is approximated by square rule upto a fihnc density of 1*6 
Wb/m* and by cube rule beyond that value, for computer solution. Hence iron loss in mfe r 
teeth 


LIST-SPLST*WTST 

Mean periphery of stator core«**3’14*(OD—DCS) 
Weight of icon in stator core 
WTCI-DENI*314*(OD-DCS)*DCS*SLTNI 


•(16*68) 


...(16*64) 
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Flux density in stator core is BCS (Eqn. 16*19) corresponding to tills flux density 
the specific iron loss SPLC is determined by square rule. 

Iron loss in stator core 

LIC-SPLC*WTCI ...(16*65) 


Allowing for the pulsation losses the total iron losses a-*e taken double the combined iron 


losses in stator teeth and core. Therefore 

TIL-2*(LIST+LIC) ...(16*66) 

Friction and windage losses are taken as 1 % of output power. Hence 
FWL«10*RKW ...(1667) 

Total no load loss 

NLL-TIL+FWL ...1668) 

‘ Loss component of no load current, per phase 

CIL-NLL/(3*RS) ...(16 69) 

No load current 

GINL—SQRT(GlM**2-fGlL**2) ...(1670) 
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No load power factor 

PFNL-CIL/CINL ...(1671) 

The magnetising reactance 

XM~ES/CIM ...(1672) 

The resistance due to core losses 

PM-ES/CIL ...(1678) 

Copper loaaea 

Mean length of stator conductor 

SCML-SLTH+1 ‘ 15*3-14*DIA/POL+*012 ...(1674) 

Length of conductor per phase 

SCLP-2*SCML*TS ...(1675) 

Stator resistance per phase 

RS «• *021 *SCLP/CON A ...(1676) 

where 0 021 is specific resistivity of copper in Q/m and mm 1 . 

Total stator copper loss 

SCLOS-8*R$*CIl**2 ...(1677) 

Resistance of each rotor bar 

RB-0*021*BLTH/BARA ...(16 78) 

Copper losses in bars 

BCLOS-SS*RB*OIB**2 ...(16 79) 

Resistance of each and ring 

RE-0*021*374*DEM/HRAR ...(1680) 

Copper loss in two end rings 

ECLOS-2*RE*GlM**2 ...(16-81) 

Rotor copper loss 

RGLOS ** BCLOS+EQLOS ...(16*82) 

Total copper loss 

TCLOS-SGLOS+RCLOS ...(16 83) 

Efficiency EFF-RKW*1000/(RKW*1000+TCLOS+NLL) ...(16 84) 

and SLIP-»RQLOS/(RI£W*1000+RCLOS+PWL) ...(1685) 


B.7. In this block the equivalent circuit parameters and full load power factor 
are calculated. The equivalent circuit of cage induction motor is shown in Fig. 16*7. The 

parameters RS, RM, XM, and slip are already calculated in block B>6. The remaining 
are RSR, XS and XR. 

The total rotor resistance 

RROT-SR*RB+2*RE ...(16 86) 

In a cage rotor the transformation ratio can be determined as 

TFR-6*rS*AKW/SR ..(16 87) 

Sta< r referred rotor resistance per phase 
RSR-RROT*TFR**2/3. 

To calculate reactance the height occupied by conductor portion in the slot is HI (as 
shown in Fig. 16*8). HI may be given as 

HI«SQ£T(ZSS*OONA*AX) ...(16*88) 

H3 and H4 may be taken as 3'5 and 1 mm reipeiiively. This gives 

H2-DSS-H1-H3-H4 ~(16*89) 
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Specific slot permeance for stator slot is given by 

PSS~AMEW*(Hl/(3*WSS)+H2/WSS+2H3/(WSS+WSO) 

+H4/WSO) ...(16*90) 


The stator slot leaakage reactance now may be calculated as 

SSLR«8*3‘l4*50*TS* l> 2*SLTH*PSS/(POL*QS) ...{16 91) 



Pig. 16*7. Equivalent circuit of induction motor. Fig. 16*8. Stator slot. 

Similarly for calculating the rotor slot leakage reactance HR1 may be assumed to be 
equal to the depth of rotor bar, while HR 2 and HR 3 and HR 4 are assumed to be 0 75 mm, 
1 *75 mm and 0*5 mm respectively. 

Specific slot permeance for rotor slot is: 

PRS-AMEW*[HR1/(3*WRS)+HR2/WRS+HR3/WRS+HR4/WRS] 

...(16*92) 

The rotor slot specific permeance referred to stator side is: 

RPRS-PRS*AKW**2*SS/SR ...(16 93) 

Rotor slot leakage reactance referred to stator side 

RSLR-8*314*50*TS**2*SLTH*RPRS/(POL*Q.S) ...(16*94) 

Permeance of overhang 

OP-AMKW (314**DIA/POL)**2/(3 14*YSS) ...(16*95) 

.*. Overhang leakage reactance 

OLR-8*3 14*50*TS* *2*OP/( POL*QS) ...(16 96) 

Zig-zag leakage reactance is given by the following relationship 

XZ-5*XM/(6*3"2)*{l/(QS**2)+ 1/(Q3R*">)} ...(16*97) 

Here the number of rotor slots per pole per phase may be calculated as 

Q£-SR/(3*POL) ...(16 98) 

The differential leakage reactance is ignored foi squirrel cage induction motor. 

Total leakage reactance of machine 

XL-SSLR+RSLR+OLR+XZ ...(16*99) 

Total stator leakage rectance 

XS-SSLR+*5*OLR+XZ ...(16*100) 

And total rotor leakage reactance, r efer re d to stator side 
XR-RSLR+*5*OLR 

' Hanes all the equivalent circuit o ara sae t an a«t det e rmin e d . 


...(16*101) 
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Now the equivalent circuit may be solved by dividing it into three parti in order to 
determine the full load power factor. 

(i) Stator circuit impedance ZS**RS-f^XS 
(it) Rotor circuit impedance ZR*RSR/SLIP^XR 
(M) Magnetic circuit impedance 

PH-jRM*XM/(RM+jXM) 

«(RM*XM**2+i(RM**2)*XM)/((RM**2)+(XM**2)) 

This may be written as 

PM-G14*G2 

when G1-RM*XM**2/((RM**2)+XM**2)) ...(16102) 

G2-RM**2*XM/((RM**2)+(XM**2)) ...(16103) 

Now solving the parallel combination of rotor and magnetic circuit, the impedance 
comes to be 

ZRM-03+JG4 

where G3-(RSR*G1/SLIP-XR*G2)*(RSR/SLIP+G1) 

4;(RSS*G2/SLIP+XR*Gl)*(XR+G2)/((RSS/SLIP*fGl)**2) 

I f(XR+G2)**2) ...(16104) 

and G4»(R$R/SLIP+GI)*(RSR*G2/SLIP4'XR*G1) 

~(XR+G2)*(RSR*G1/SLIP-XR*G2)/((RSR/SLIP*G1)**2 

+(XR+G2)**2) ...(16-10i) 

The total series impedance referred to stator side can now be expressed as 
Sl-RS-tyXS+G3+jG4 
-(RS+G3)4*j(XS+G4) 

Full load power factor may now be calculated as 

PFFL-SQJRT(RS+G3)((RS+G3)**2+(XS+G4)**2)) ...(16*106) 

B.8. In this block the starting resistance of rotor is calculated, taking into consi¬ 
deration the deep bar effect. , The bar impedance may be calculated as under 

BIMP-SQJIT (BLTH/(WSS)*Si4*50*AMEW*0*021*0 +j)* 
(SINH(2*THETA)—jSIN (2*THETA))/(COSH 

(2*THETA)-COS(2*THETA))) ...(16107) 

whe', THETA—0 001 *DRB*SQRT (3*14*50* AMEW*0021) ...(16*108) 

Now separating real and imaginary terms the bar resistance at the time vt starring 

BR8—RRAL (BIMP) ...(16*109) 

Total rotor resistance at the time of starting 

S8ROT—R2*BRS«f2*RR ...(16*110) 

Transforming It to stator side, the stator referred rotor resistance per pha>e at the 

time of starting 

SRSR—SRROT*(TFR)**2/3 ...(16*111) 

B.9. In this block the full load torque, pull out torque, and starting torque are 
calculated. Let Gi be the the effect of magnetising branch on torque of motor. This effect 
is approximated as 

Cl—1 RS/RM+XS/XM ...(16*112) 

The full load torque is given by 

TFL—S*(ES**2 )*RSP/(SLIP)/((RS4-G1 **RSR/(8LIP))**2 

+(X8«fCl*XR)**2) 
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At the tirna of starting the SLIP is unity and th’ rotor r^sistandfe is replaced by iti 
value at the time of starting. Thus, starting torque is 

TST-3*(ES**2)*SRSR/((RS+CI+SRSR)**2 

+(XS+C1***R)**2) (16*114) 

The p.u. starting torque is given by the ratio of starting torque to full load torque. 

Thus, 

TRT1-TST/TFL ...(16*115) 

The slip corresponding to maximum torque is given by 
SCR-RSR/(SQJRT(RS**2+(XS-j-XR)**2)) 

Substituting this value in equation 16 113, the maximum or pull out torque may be 
calculated. 

TMAX-3*E$**2/(2*C1*RS/(RS**2+(XS+C1*XR)**2)) ...(16*116) 

The ratio maximum torque to full load torque is called p.u. maximum torque 

TRT2-TMAX/TFL ...(16*117) 

B.19. In this block the ratio starting current to full load eurrent is calculated. 
The full load current is given by relationship 

CIFL-ES/(SQ£T(RS+C1 *RSR/SLIP)**2) 

+(XS+C1*XR)**2) ...(16*118) 

The starting current may be calculated by replacing RSR by SRSR and putting 
SLIP-1, 

GIST—ES/(SQJ&T (RS+CI*SRSR)**2 

+(XS+CI*XP)**2)) ...(16119) 

The ratio starting current to fuU load current is 

STCB—CIST/CIFL ...(16*120) 

B.I1. In this block the stator and rotor temperature rises are calculated. For 

determining the temperature rise the cooling coefficients for various portions of machine are 
taken from Table 3*6 on page 111. 

Stator JtMperafers rkt 

Outside cylindrical surface of stator 

550- 3 14*OD*SLTH .,.(16121) 

Cooling coefficient for outside surface CO—0033 

Inside cylindrical surface of stator 

551- 3* 14*DIA*OHL ...(16*122) 

where overhang length 

OHL-SLTH+0254*(0 001*ES+3*0+YSS/4) ...(16123) 

Relative peripberial speed of inner surface 

RPS-S14*DIA*SYN ...(16*124) 

Cooling coefficient for inner surface 

SCI —033/ (1 +0*1*SPS) ...(16*125) 

Surface of ventilating duets 

SSD-314*(OD**2-DIA**2)*(2+ND)/4 ...(16*t2tf) 

Cooling coefficient for ventilating ducts 

SOD—0* 15/(0* 1*SPS) ...(16*127) 

Total stator lorn 

8LOS»SOLOS*SLTH/(SCUL) 4-TIL ..(16121) 



Stator temperature rise 

STRISB-SLOS/(SSO/SCO+SSI/SCI+SSD/SCD) ...(16*129) 

Rotor temperature rise 
Outride cylindrical surface of rotor 

RSO-314*RDIA*SLTR ...(lo*180) 

Cooling coefficient of outside rotor surface 

RCO- 033/(l+0'l*SPS) ...(16131) 

Surface of ventilating ducts 

RSD"3‘ 14*(RDIA**2—RSID M 2)*(2+ND)/4 ...(16132) 

Cooling coefficient for ventilating ducts 

RCD«015/(0*1*SPS) ...(16133) 

Rotor temperature rise 

RTRISE*(ROLOS+FWL)/(RSO/RCO+RSD/RCn) ...(16 134) 

Rill. The output is printed. 

In blocks C—1 to C—8, the various constraints are checked as given in blocks. 

Coat of active materials 

Weight of iron in stator teeth and core is already calculated in preceding sections. 
Weight of iron in rotor 

WTRI«DENI*SLTNI*(314*(RDIA**2-RSID**2)/4 


—(SR*DRS* WRS*E—6)) ...(16135) 

Total cost of iron 

TIC-CI*(WTST+WTCI+WTRI) ...(16136) 

when Cl is the specific cost of iron. 

Weight of stator winding 

WTSW-TS*SCML*GONA*DENC*E—6 ...(16137) 

Weight of rotor winding 

WTRW-(SR*BARA*BLTH+2*S14*ERAR*DEM) 

•DENG*E—6 ...(16*138) 

Total cost of winding 

TCW«GC*WTSW+CR+WTRW ...(16*139) 

where CC is specific cost of winding material. 

Total cost of active materials 

TC-TIC+TCW '..(16:140) 
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Standard Specifications 

CONDUCTORS 

17* i. Indian Standard Specifications for copper conductors used in electri. 
cal machines and apparatus 

1. Copper atrip (IS 1897—1962). The dimensions of bare copper strip used for 
windings of transformers and rotating machines are given in Table 17*1. 

2 . Paper covered rectangular copper conductors for transformer windings 
(IS 1656—1961). The sizes of bare recta&gular copper conductors are given in Table 17'1. 
The increase in dimensions due to paper covering over the dimensions given in Table 17’1 
can be taken as: 

(«) For double paper covered—minimum increase 0 25 mm 

(6) Multiple paper covered—the increase depends upon the number of layers applied. 

3 . Cotton covered rectangular copper conductors (IS 2068—1962). The rises 
of bare copper rectangular conductors are given in Table 17*1. For cotton covered con* 
ductors width should not be more than 13 mm and thickness should lie between 08 and 
6’5 mm. 

The increase in dimensions due to cotton covering is 

Double cotton covering (ordinary)—0’46 to 0‘51 mm. 

Double cotton covering (fine) —0*96 to 0*43 mm. 

4. Rectangular enamelled copper conductors (IS 3855—1966). 

The sizes of bare strip are given in Table 171. The following additional sizes an 
available. 

Table 172. Additional eiaea of rectangular enamelled conductors. 


- — ■ —* T- 1 -" 

Dbtmttoiu 

Arm 

Dtmmtkmt 

sen 

Arm 

sen* 

0*9 *0*9 

0*67 

2'2s2*2 

4*58 

1*0 x 1*0 

0*16 

25*25 

3*94 

1*2 a 1*2 

1*30 

2*1 a 2*8 

7*28 

MOM 

1*75 

1*0 a 30 

8*44 

MOM 

2*35 

3*2u3*2 

9*86 

MoM 

2*93 

3-5* 5-5 

11*69 

2*0x20 

3*69 

3*8a3*8 j 

13*38 


The following may be taken as i ncreas e in dimeoaioiu due to enatoel (lyathecfc} 

OOfW|* 






888 

Table17*3. 

OUCntCAb MACHTN8 MUON 

Gradt of cowing 

Minimum tncroam 
mm 

Maximum tacram 
trim 

Pine 

0-035 

0*060 

Medium 

0-060 

0-100 

Thick 

0100 

0-150 


5. Paper cowed roaad copper conductors (IS 3454—1966). Table 17 4 gives 
the sties of these conductors. 

Table 17 4. Diameter of paper—covered round copper conductors. 

(IS j 3454—1966) 


Conductor tkamtttr 


Omall dlamtttr—maximum 


{Nominal) 



mm 

Ordinary cowing 

Flm conrtng 


mn 

mm 

0-250 

0-500 

0-425 

0*210 

0-530 

0-455 

0-31$ 

0-565 

0-490 

0-355 

0-605 

0-330 

0-400 

0-650 

0-573 

0*430 

0100 

0-625 

0500 

0-730 

0-675 

0*560 

0-810 

0-735 

0630 

0880 

0-805 

0710 

0-985 

0-883 

0-750 

,. 4 y A J "4 1 1 1 1 <■* 

0-925 

0-100 

1-075 

0-975 

o-tso 

1125 

1025 

0900 

1175 

1-075 

0950 

1225 

1-125 

1000 

1-275 

1-200 

1060 

1-335 

1-260 

1*120 

1*395 

1-320 

1180 

1-455 

1-380 

1-230 

1-523 

1-450 

1-320 

1-595 

1-520 

1-400 

1-700 

1-575 

1500 

1-900 

1-675 

1600 

1*900 

1775 

1700 

2-000 

1-873 

1-800 

2-NO 

1-975 

1*900 

2*200 


2000 

2-350 


2120 

2470 

2-370 

2-240 

2*590 

2-490 

2360 

2-710 

2*610 

2-500 

2-850 

2'725 

. 2-690 

3-000 

2-875 

2-900 

3-150 

3-025 

3000 

3-350 

3-225 

3-150 

3500 

3-375 

3-330 

3 700 


3-550 

3-900 

3-775 

3-750 

4100 

3- 975 

4- 300 

4400 

4*150 

4250 

4900 

4000 

4-850 

4-550 

4-800 

4-790 

5*100 

5-050 

5-000 

5-390 

5*900 
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6. Cotton covered round copper conductor* (IS 450—1964). The sixes are given 
in Table 17 5. 

Table 17 5. Cotton covered round copper conductors. 

(18 : 450 — 1964 ) 


Conductor 

Overall diameter—maxlrmm 

diameter 






Single cotton 

Double cotton 

Nominal 

Ordinary 

Fine 

Ordinary 

Fine 

mm 

mm 

mm 

7 

mm 

1 

mm 

0*140 

0244 

0-229 

0371 

\ OvMK 

0-160 

0264 

0-249 

0 391 


OllO 

0-284 

0-269 

0*411 

033 > 

0200 

0 304 

0*289 

0-431 

0353 

0*224 

0 354 

0-326 

0*481 

0404 

0-150 

0-380 

0 352 

0-507 

0430 

0 280 

0410 

0-382 

0-537 

0 461 

0315 

0 445 

0417 

0-572 

0496 

0*355 

0-486 

0*458 

0-613 

0*531 

0400 

0-531 

0 503 

0-658 

0*582 

0*450 

0-582 

0 554 

0 709 

0*i 32 

0-500 

0 632 

0604 

0-759 

0-683 

0 560 

0693 

0665 

0 820 

0-744 

0-630 

0-763 

0-736 

0 891 

0‘8l4 

0*710 

0-869 

0*842 

0 997 

089-5 

0*750 

0-910 

0-882 

1-037 

0-935 

0*800 

0960 

0 933 

1*087 

09 6 

0*850 

1-011 

0-983 

1138 

l-(-36 

om 

1061 

1034 

1188 

1087 

0*950 

1*112 

1084 

1-239 

1*137 


1*162 

1 135 

1290 

1*215 

1-060 

1-225 

1*195 

1350 

1*275 

1120 

1285 

I-.55 

1-410 

1 335 

1*180 

1-345 

1*315 

1-470 

1 393 

1250 

1*415 

1*385 

1*540 

1 465 

1*320 

1*485 

1*460 

1-615 

1*535 

■■neg Eiisn 

1*590 

1*565 

1-720 

1-645 


1*695 

1*665 

1-820 

1*745 

1*600 


1*765 

1*920 

1*845 



1*865 

2020 

1*945 


iiilMftB CvMi^riegi 

1-970 

2 125 

2 045 

1*900 

2095 

2*070 

2-225 

2*150 

2000 

2*225 

2195 

2375 

2*275 

2*120 

2*345 

2*315 

249j 

2-395 

2*240 

2-465 

2*440 

2-620 

2*515 

2*360 

2-585 

2*560 

2*740 

2*6 35 

2*500 

2-730 

2-700 

2-880 

2*780 

2*650 

2*880 

2*850 

3035 

2*930 

2*610 

3030 

3005 

3*185 

3 080 


3-235 

3*205 

3*385 

3-285 

3*150 

3-385 

3*355 

3*540 

3*435 

3*350 

3*585 

3-560 

3-740 


3*550 

3-790 

3*760 

3 940 

3*840 

3*750 

3*9SS 

3*965 

4*145 

4*040 

4000 

4245 

4*215 

4-395 

4295 

4*250 

4*495 

4*470 

4*650 

4*595 

4*500 

4-750 

4*720 

4*900 

4*800 

4*750 

5 000 

4-975 

5155 

5-050 

5*000 

5*255 

5‘225 

5-405 

5*305 
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7. Enamelled round copper conductors (Oleo resinous enamel) (IS 449—1962). 
The sizes are given in Table 17'6. 

Table 17 6 . Diameters of enamelled round copper wire (Oleo—resinous enamel) 

(18 : 449-1962) 


Nominal conductor diameter 


Overall diameter—maximum 












standard smctticationi 


#1 


Table 17*6 (Conti ) 


Nominal conductor diamtir 

Omotl ilomttor maximum 

Mmenh wwrtai 

Thkk coming 

mm 

mm 

mm 

1*000 

1*065 


1-060 

1-130 

mmm 

1*120 

1*195 

•mm 

1*180 

1*255 

_ 

1-250 

1*325 

mm* 

1*320 

1-395 

_ 

1-400 

1*480 


1500 

1*580 


1600 

1*685 


1*700 

1*785 


1800 

1*890 


1-900 

1*995 


2-060 

2*160 


2*120 

2220 


2-240 

2*345 


2*360 

2-465 


2-500 

2*650 

2*610 

2*765 

— 

2*800 . 



2*900 

3020 


3*000 

3-125 


3*150 

3*280 


3-250 

3*385 

: _ 

3*350 

3*485 


3-450 

3*590 


3-550 

3695 

__ 

3*650 

3*795 


3-750 

3*895 


4000 

4*155 

__ 


8. Enamelled round copper conductor* (Synthetic enamel) (IS 1595-1960). 
The sizes an given in Table 17*7. 
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Table 17 7. Round copper wire {Synthetic enamel). 
(IS: 1925—1960) 


Nominal 

conductor 

diameter 

Overall dimeter 

Fine 

covering 

Medium 

covering 

Thick 

covering 

Extra thick 
| covering 

mm 

mm 

mm 

mm 

mm 


0*060 

0*065 

i , m 



0073 

0*078 

— 


0071 

0*084 

0*092 

— 


0*080 

0 095 

0*105 

0*118 


0*090 

0*105 

0*115 

0*128 



0118 

0*128 

0141 


0*112 

0132 

0*143 

0156 


0-123 

0146 

0*159 

0*172 


0*132 

0155 

0*168 

0*181 


0140 

0 163 

0*176 

0191 


0150 

0173 

0-186 

0*201 


0*160 

0185 

0198 

0213 


0-170 

0*198. 

0-211 

0 226 


0-180 

0*208 

0223 

0-238 


0*195 

0-224 

0239 

0-257 



0-230 

0246 

0*264 


0*212 

0-242 

0258 

0*276 

’ ^_ 

0-224 

0-254 

0-272 

0*290 


0*236 

0*266 

0*284 

0*302 

s _^ 

0-230 

0-283 

11*301 

0*319 

0*344 

0-258 

0 291 

0*309 

0*327 

0*352 

0*263 

0299 

0-317 

0335 

0*362 


0*316 

0*334 

0*351 

0*379 


0*336 

0-354 

0*372 

0*400 

0307 

0*345 

0*362 

0-380 

0*408 

- 0-31J 

0-354 

0 372 

0-389 

0*417 

0335 

0*375 

0-393 

0*410 

0*441 

0*353 

0*397 

0*415 

0*432 

0*465 

0 375 

0*418 

0*438 

0*455 

0*489 

Bm'Z 

0*445 

0-465 

0*483 , 

0*518 

0*425 

0*472 

0*493 

0*513 

0*549 

0*462 

0511 

0*531 

0*551 

0*588 

0-473 

0*526 

0*546 

0*566 

0*603 

0*500 

0*551 

0*571 

0*591 

0*630 

0*530 

0*581 

0-602 

0*623 

0*662 

0*560 

0*612 

0-635 

0*655 

0*696 • 

0-600 

0-654 


0*697 

0*738 

0*630 

0*684 


0*728 

0*768 

0*670 

0-727 


0*771 

0*812 

0*710 

0-768 


0*814 

0-852 

0*730 

0*788 


0*834 

0*874 

0*750 

0*808 


0*854 

0*895 

0-800 

0*861 


0*907 

0*95C> 

0*85® 

0*912 

0*935 

0*958 

1001 

0-923 

0*990 

1*016 

1*039 

1*085 

0*950 

1*015 

1*041 

1*064 

1*110 


1*070 

1*095 

1*120 

1 mnr 

1*060 

1*130 

1*155 

1*180 

1*225 

1*120 

1*190 

1*215 

1*240 

1*287 

1*180 

1*233 

1*278 

1*303 

1*553 

1*250 

1*325 

1350 

1*875 

1*425 

1-320 

1-395 

1-420 

1447 

1*500 

1*400 

1*480 

1-505 

1*585 

1*515 
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Table 17*7 {Contd.) 


Nominal 

conductor 

diameter 

Omrnll tHameter 

rtm 

carving 

Medium 

coming 

Thick ] 

coming 

[Extra thick 
coming 

1 

fWfl 

mm 

mm 

mm 

mm 

1-500 

1580 

1-605 

1-635 

1-685 

1-600 

1-680 

1-710 

1 740 

1-790 

1-700 

1-785 

1-810 

1-840 

1890 

1-800 

1-885 

1*915 

1-940 

1995 

1900 

1-990 

2015 

2 045 

2055 

2060 

2-150 

2-180 

2-210 

2-265 

2120 

2211 

2-241 

2-271 

2-327 

2-240 

2-335 

2-365 

2-347 

2455 

2300 

2-486 

2-488 

2020 

2-575 

2-50) 

2-606 

2-J30 

2*665 

2-720 

2630 

2*752 


2-815 

2-872 

2-800 

2-905 

2-935 

2-970 

3025 

2-900 

3-010 

3 040 

3070 

3*125 

3000 

3-UO 

3140 

3-175 

3-230 

3150 

3-262 

3-295 

3-325 

3‘382 

3-250 

3-365 

3395 

3-427 

7-485 

3-350 

3-465 

3 497 

3-530 

3*585 

3-450 

3-567 

3-600 

3630 

3-690 

, 3-550 

3670 

3 700 

„-732 

3-795 

3-650 

3-770 

3-800 

3-835 

3*S95 

3-750 

3-872 

3 902 

3-937 

3997 

4000 

4125 

4-153 

4190 

4-255 


17'2 British Studard Specifications. Some manufacturers still manufacture 
round copper conductors according to B.S S. Therefore, following tables are being given for 
the selection of sise of standard conductors if they confirm to B.SS. 
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Tabe 17 8. 




Standard wire gaage. 


swo 

Diamtttr 

mm 

*Ana 

SWO 

Diamtttr 

mm 

Arm 

tmf 

X 

762 

45*6 

21 

0*813 

0*519 

2 

701 

38*6 

22 

0*711 

0*397 

3 

6*40 

32*2 

23 

0*610 

0*292 

4 

5-89 

27-3 

24 

0*559 

0*245 

5 

538 


25 

0*508 

0-203 

6 

4-88 

18*7 

26 

0*457 

0*164 

7 

4*47 

15*7 

27 

0-417 

0-136 

t 

406 

13*0 

28 

0*376 

0*111 

9 

3*66 

10*5 

e 29 

0*345 

0*0937 

10 

3*25 

83 

30 

0*315 

0*0779 

11 

2*95 

6-82 

J1 

0295 

0*0682 

12 

2*64 

548 

32 

0*274 

0*0591 

13 

2*34 I 

4*29 

33 

0-2S4 


14 

203 

3*24 

34 


0-0429 

15 

1*83 

2*63 

35 

0*213 

0*0357 

1C 

1*63 

2*07 

36 

0*193 


17 

1*42 

1*59 

37 

0*173 

0*0234 

11 

1*22 

1*17 

38 

0*152 

0*0182 

19 

1*32 

0*811 

99 

0132 

0*0137 

90 

0*914 

0*657 

40 

0*122 

0*0117 


Adltlaa to wire dlametere far iaealartoa 


Table 17*9, Enamel covering. 


SWO 

Addition to dtam*$r 

! ' mm 

SWO 

AddtiUm to dlmmur 
mm 

16-18 



27-29 

0*00 

19—20 

0*00 


30-0 

0*00 

21-22 { 

0*050 


94-31 


23-26 

0*038 


39^0 i 

0*013 
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Table 1710. Cotton covering. 


SUV 

Addittlon to diameter 
mm 

S.C.C. 

D C.C. 

Fine S.C.C. 

Fine D.C.C. 

10-14 

020 

0*35 

' 

0 18 

0*25 

13—17 

018 

0-30 

015 

0*23 

18-22 

0*15 

0-25 

013 

0-18 

23—34 

0*13 

0-23 

0 10 

0*15 

35—40 

0*10 

0-20 

0*08 

0*13 


TRANSFORMERS 


17*3. General. Indian Standards Institution has published the following standards 
on transformers: 

(i) IS : 1180-1964 : Specifications for outdoor type three phase distribution trails* 
formers upto and including 100 kVA and voltage ratings upto 11 kV. 

(£1) IS : 2026-1962 : Specifications for power transformers beyond 100 kVA. 

17 4. Outdoor type distribution transformers IS : 1180.1966 

Ratings. According to this the standard ratings for transformers (distribution type) 

are: 

16 kVA 63 kVA 

25 kVA 80 kVA 

40 kVA 100 kVA 

50 kVA 

The no load voltage ratios are : 

3300/433 V, 6600/433 V, 11000/433 V. 

Tappings. The tapping shall be provided on h.v. si .e and shall be in 5 steps. Tbe 
range shall be ±2 5% and ±5%. Offload tap changers are used. 

Connections. The primary i.e. h.v. winding shall be delta connected, while the 
secondary winding, i.e. i.v. shall be star-connected. The neutral is brought out. 

Transformer Oil. The transformer tank shall be filled with transformer oil which 
shall comply with the requirements of IS : 335-1963 (Specifications for Insulating oil far 
transformers and switchgear). 

Accessories. Each transformer shall be fitted with the following accessories: 

(() Two earthing terminals («) Oil gauge. (Hi) Lifting lugs, (is) Rating and 
terminal marking plate, (v) Plain breathing device of weather proof type. (tODrata 
valve with plug on the transformer with conservators. (eii) Thermometer pocket (not 
vided on transformers of 25 kVA and below). 

The conservator tank shall be provided on the transformers of capacity 90 kVA and 
above. In case of transformers with conservator tank, tbe h.v. bushing shaH be prwMed on 
the side. 
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Limits of temperature rise. The following temperature rises shall be adhered to, 
over the ambient temperature of 45°C. 

(i) Temperature rise in winding measured by resistance method —55*C. 

Hi) Temperature rise in oil measured by thermometer in the top oil — 45*C. 

The above temperature rises are for ON, OB, and OW type of cooling. 

Bushing clearance. The minimum phase to phase external clearance of 75 mm for 
l.v. (upto 11 kVj bushing and 255 mm for h.v. bushing (3*3 kV and above) shall be kept 
with bushings complete with arcing horns mounted on the transformers. 


Iron and copper losses. The iron and copper losses shall be lower than the 
following values f r the various rating on transformers. 

Table 17*11. Permissible losses. 


kVA 

Rating 

Iron Lon 

W 

. 1 

Coppar loam at 75*C 

W 

Hot rolled 
stampings 

Collod rollsd 
stampings 

16 

155 

120 

500 

25 

195 

155 

700 

40 

260 

200 

973 

SO 

295 

225 

1110 

63 

350 

260 

1400 

75 

385 

260 

1600 

80 

400 

300 

1650 

100 

450 

3SS 

2000 


The above losses are subject to variation of is 10%. 

Impedances. All distribution transformers mentioned above shall have an imp** 
danoe of 4'5 per cent. The above impedance shall be subjecrto a tolerance of is 10%. 

Kg d v g and terminal marking plates. Each transformer shall be fitted with 
three kinds of plates, namely : 

(I) Rating plate. (#) Terminal marking plate. 

(iii) Connection diagram. 

Rating plate. The rating plate shall give the following information. 

(i) kVA rating. (s<) Voltage on no load on h.v. and l.v. sides. (ill) Current hi h.v. 
and l.v. sides (is) Phases on h.v. and l.v. sides, (v) Type of cooling. (s<) Frequency, 
(sft) impedance voltage, (vifs) Vector group, (is) Weight of cote and windings in kg, (s) 
Weight of oil in kg (ad) Volume of oil in litres. (*#) Total weight of transformer, (sill) 
Yearof manufacture, (sis) Customer’s reference number, (mi) Maximum guaranteed tent* 
fcerature of oil in a C. (svi) Maximum guaranteed temperature of windings in *C. 

Terminal marking. It shall indicate the meriting of terminals of both h.v. and l.v. 
bindings. It shall give the number of turns on b.v. aide expressed in percentage at each 
offload tap changer position. 
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Diagram plate. It shall give the single Hoe diagram of the connections made to 
various taps within the transformer. 

Arcing koras Each transformer shall be fitted with arcing horns, v> hose function 
is to ensure tint any over voltage reaching the transformer is limited to a value not exceeding 
80 per cent of the impulse withstand level of the winding. 

The arcing horns settings are : 

Nominal system voltage Arcing horn gap 

kV {r m e.) 

3'3 Single gap — 35 mm 

6 6 Double gap — 16 mm 

i 1 Double gap — 20 mm 

17 5. Power transformers (18 : 20264962). This standard covers oil immersed 
transformers with class A insulation rated 1 kVA and above for single phase and 25 kVA 
and above for polyphase operation. 

Ratings, 

Standard kVA ratings. These are given in Table 1712. 

Table 1712 

Standard kVA ratinga for three.phase transformers 


— 

100 

1000 

10000 

— 

125 

1250 

12500 

— 

160 

1600 

16000 

— 

200 

2000 

20000 

25 

250 

2500 

25000 


315 

3150 

31500 

40 

400 

4000 

40000 

— 

500 

5000 

50000 

63 

630 

6300 

63000 


800 

8000 

80000 


Standard kVA ratings for single.pksse transformers 

1 5 16 

2 10 25 

Above 25 kVA, the standard ratings for single* phase transformers shall be one-third of 
the value given for 3-phase transformers. 

Tappings, Unless otherwise specified, adjustment of tappings, if required, shall be 
such as to provide for n voltage adjustment on the high voltage side of dh2f per cent, and 

£5 per cent of the rated voltage, the tappings being located on the higher voltage 
winding. 

Tap-changing shall be affected by means of an externally operated off-circuit switch 
capable of being locked in positions. If specified, the tap-ebanging may also be carried out 
by means of links under oil, arranged to select terminals to which the tapping leads have 
been brought. 

The transformer may, If required, be equipped with on-load tap changer. 

Test voltages. The insulation levels employed on transformers complying with 
this standard am influenced by several factors. The requirements of this section are based 
on the highest system voltages. 
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For transformers designed for operation in. electrically non*ex posed installation, only 

¥ >wer frequency voltage tests are required, the appropriate test voltages shall be as given in 
able 1713. 

Insulation to earth. Uniform insulation to earth shall be provided for all delta 
connected windings and for star or interconnected star windings where the neutral end of 
the windings is not specified for connection to earth. 

Graded insulation may be provided for star and interconnected star windings if the 
neutral end of the windings is specified for connection to earth. 

Table 17*13. Teat voltages for .transformers not designed 

for impulse voltage testing. . 


Nominal system voltage 
kV r.m.s. 

Highut system voltage 
kV r.m s. 

Power-frequency test voltage 
kV r.m s. 

Less than 10 

Less than 11 

2*5 

1*0 

1*1 

3*2 

3*3 

36 

8*2 

6*6 

7*2 

15*4 

11 

12*0 

25*0 

IS 

17*5 

t 

360 


Table 17*l4 t Test voltages for transformer designed 
for impulse voltage tests _ 


ill 

In 

5*2 

Impulse test 
voltage 

Power frsqu 
VOItt 

ency test 
age 

Standard l 

Standard 2 

Standard l 

Standard 2 

kV mss 


kV peak 

kV peak 

kV rms 

kV rms 

3*3 

3-6 

45 

45 

16 

16 

6*6 

7-2 • 

60 

60 

22 

22 

11 

12 

75 

75 

1 28 

28 

IS 

17-5 

95 

95 

38 

38 

22 

'24 

125 

125 

50 

50 

33 

36 

170 

170 

70 

70 

47 

52 

250 

250 

95 

95 

66 

725 

325 

325 

140 

140 

| i 

88 

100 

450 

380 

185 

150 

110 

123 

550 

450 

230 

185 

132 

145 

650 

550 

275 

230 

m 

245 

1050 


460 

395/360 
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Transformers shall be capable of withstanding the relevant power frequency test 
voltages given in Table 17‘13 and where appropriate, the relevant power frequency and im¬ 
pulse test voltage given in Table 17*14. 

Limit* of temperature rise. The temperature rise of transformer windings, oil 
and cores shall not exceed the limits prescribed in Table 17' 15. 

Table 17 15. Temperature.rise limit* for oil.immersed 
type transformer*. 


Part 

Cooling classification 

Temperature rim, *C 

Windings (measured hy 

fON, OB. OW 

55 

resistance) 




i OFN, OFF 

60 


[oFW 

6) 

Oil (measured by the thermo- 

All 

45 

meter in top oil) 



Cores 

Cores shall be so designed that the temperature rise on any part 


of the external aurface does not exceed that of the windlnp. 


Performance under external short-circuit conditions. Transformers shall be 

designed to b* cap ible of withstanding, without injury, the thermal and mechanical effects 
of short-circuits at the terminals of any winding for the periods given in Table 17 6. 

The current density in any winding based on the rms value of the initial symmetrical 
component of the through-fault current shall not exceed the appropriate value given in 
Table 1716. 


Table 17*16. Impedance voltage and short-circuit duration. 


Impedance 

voltage 

Percent 

Symmetrical short circuit current, 
rms rains, to be withstood, 
expressed as a multiple 
of rated current 

Deration of 
short circuit 

s 

Maximum 

current 

density 

AfmnP 

4 or lean 

25 

2 

93 

5 

20 

3 

77*5 

6 

165 

4 

69*7 

7 and above 

14 or less 

3 

62 


Electrical performance. 


Efficiency and Regulation. When statements of efficiency and regulation are required 
they shall be based oo loading at the rated kVA and at unity power factor (and other power 
factors, if agreed). Recommended load and no loa I losses for certain ratings of transformers 
are given m Table 17*18. 
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The recommended percentage impedances at 75*C are 4*5 per cent for transformers 
orratins upto and including 100 kVA. 11 kV and 475 per cent for transformers of rating 
above 100 kVA including 1000 kVA, 11 kV. B 


Tolerances. Table 17*17 gives the various values of tolerances. 

Table 17 17. Tolerances on electrical performance, 



Item 

Tolerance 

1 . 

Voltage ratio on no*toad 

•* % of the declared ratio or a percentage 
equal to 10% of the actual percentage 
impedance at rated load, whichever is 
smaller. 

2 

Impedance voltage 

On principal tappings 

(а) Two winding transformer— 10% 

(б) Multi*winding transformer—15% 

3. 

Load loss 

Plus 10% of the guaranteed loss. 

4 

No-load Ion 

Plus 10% of the guaranteed loss. 

5. 

Efficiency 

In accordance with the tolerance on losses 

6 . 

Regulation 

In accordance with tolerances on impedance 
voltage and load losses. 


Note, No had cu rent is not considered to be a subject for guarantee and therefore 
no tolerance is specified. 


Teata, Tests shall be made at the manufacturer’s works at room temperature and 
with all those external components and fittings in place which are likely to affect the 
performance. 

Teat of transformers 

(i) Bautin* tetts. AU transformers shall be subjected to routine tests at the manu* 

fact urn’s works. The tests shall comprise : 

‘ 

(a) Measurement of winding resistance 
(M Ratio, polarity and phase relationships 
(e) Impedance voltage 
(d) Land losses 

(«) No load losses and no load current 
(/) Insulation resistance 

(g) Induced over voltage withstand 

(h) Separate source voltage withstand. 

(if) Type tests. In addition to uie routine tests the following type tests may be 
made by mutual agreement between the purchaser and the manufacturer : 

(o) Impulse*voltage withstand teat, and 
(b) Temperature rise test. 

If records of type teits on a trios former which, in essential details, is representative of 
iheonebei g purchased, are furnished, the purchaser may accept these as evidence of type 
tests instead of actual tests. 

(ti«) Supplementary test. Zero phase sequence impedance measurement is a 
supplementary test. 
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Table 17-18. Recommended losses of transformers opto and 
including 1000 fcVA and II kV. 


kVA rating 

No-load loss at normal voltage 
andftvqutncy 

W 

Load loss at full1 oad 
at 75°C a 

W 

100 

500 

2000 

125 

570 

2350 

160 

670 

2840 

200 

800 

3400 

250 

950 

4000 

315 

1150 

4770 

400 

1380 

5700 

500 

1660 

69.0 

860 

1980 


800 

2400 

9980 

1000 

2800 

11880 


ROTATING MACHINERY 

INTERNATIONAL ELECTROTECHNICAL COMMISSION 
PUBLICATION 34-1 


17 6. Recommendations for rotating electrical machinery 

(excluding machines for traction vehicles) 

Definitions 


Rating. The rating of an electrical machine is a statement of the operating limits* 
tions assigned to it by the maker, and comprises output, speed, voltage, current, frequency, 
power factor, etc., as marked on the rating plate. * 

Continuous Rating {OR). The rating corresponding to the load which can be 
sustained continuously when all the appropriate requirements of these specifications 
are specified. 

Stort-tim* Bating (STB). The rating corresponding to the load which can be 
sustained for a specific time when all the appropriate requirements of these specifications are 
satisfied. 


BoUd-Outpui. It is usual to s^eak of a machine by its rated output. It is 
o note that the term "Rated Output should be used in the following way : 

.1. i . • i 


necessary 


expressed in 


HO IUR1 IUC IG1U1 -* -—O • 

(o) For direct current generaton, the electrical power at the terminals, 

(W), kilowatt (kW), or megawatt (MW). 

(6) For alternating cuirent generaton the apparent electric power at the tenninab 
[pressed in volt*amp«* k^lt-ampere ( kV A), or megavolt-ampere (MVA). 

(e) For motors, P 0 ™ available at the shaft, expressed in watt(W), 

l /Lun nr megawatt (MW). '» 


lt**>a*M 
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Duty. The schedule of the loads on a machine taking account of their duration and 
sequence. 

Periodic duty. Operation in a series of identical cycles, each composed of a period 
of operation at rated load followed by a rest prriod during which the machine is completely 
stopped and all input powc r whether electrical or mechanical is cut off. The periods are 
insufficient for thermal equilibrium to be attained, either during the periods of operation, or 
during the rest periods. 

Continuous Duty with Intermittent Load {CIS). Operation in a series of identical 
cycles, each composed of a period of operation at rated load followed by a period of 
operation at no load where no load operation means disconnection of the load only. The 
periods are insufficient for thermal equilibrium to be attained, cither during the heating 
periods, or during the cooling periods. 

Note. Thermal equilibrium is a state in reached when the temperature of the several 
parts under observations do not vary by more than 10 Centigrade degrees per hour. 

Ratisiga 

Four classes of ratings are recognised. 

Continuous rating. 

Short-time rating. Standard periods for this class of rating are 10, 30, 60 and 90 
minute. 

Boding for periodic duty. Standard values of load factor for this duty are either 
15, 25, 40 or 60 per cent. 

Rating for continuant duty with intermittent load. Staniard values of load factor 
ut+25, 40,60 per cent. 

Note. The load factor is the ratio of time of operation at rated load to the duration 
of the cycle. 

Service conditions. These recommendations are intended for machines working 
under the following conditions: 

(f) Altitude does not exceed 1000 metre (3300 ft). 

(is) Temperature of cooling air or gas does not exceed 40°C. 

Correction factors are applied for machines working under other conditions. 

Methods of measurement of temperature rise 

The methods of measurement of temperature rise are given in Art. 3'37 on page 113. 

limits of tesngserntnro rioe. Table 17 )9 gives the limits of permissible tempers* 
ture rise above the cooling air or gas temperature, for machines, other than hydrogen-cooled 
turbine»type generators, intended to operate with cooling air or gas temperature not 
exceeding 40*C and insulated with materials in Classes A, B, t and if. 

Dielectric tests. The machine should be able to withstand the following test 
voltages as per procedure laid down in the recommendations. 

Table 17 20 Dielectric tests. 

No. Machine or Part Teat voltage (r.m.e) 

1. Insulated parti of machine of site 500 V-f-twice the rated voltage, 

less than 1 kW or 1 LVA. 

2. Rotating •machines of sixe 1 kW or 1 000 V+twice -the rated voltage with a 

kVA to less than 1 0000 kW or minimum ofl 500 V. 

kVA. 
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3. 


4. 

5. 


6 . 


7. 


8 . 


9. 


Rotating machines of sise 10 000 
kW or kVA or more. 

Rated voltage: 

F up to 2 000 V 
F above 2 080 V to 6 000 V. 

F above 6 000 V to 18 500 V. 

F above 16 500 V. 

Separately-excited field winding of 
d.c. machines. 

Field winding of synchronous 
generators. 

Field windings of synchronous 
motors, synchronous condensers and 
synchronous converters. 

(a) When intended to be started 
with the field windings short- 
circuited or connected across an 
exciter armature, or to be started 
with the a.c. windings idle. 

(5) When intended to be started 
either with a resistance connected in 
series with the field windings, or 
with the field windings on open 
circuit with or without a field- 
dividing switch. 

Secondary (usually rotor) windings 
of induction motors or synchronous 
induction motors if not permanently 
short circuited {eg., if intended for 
rheostatic starting). 

(a) For non-reversing motors or 
motors reversible from standstill only. 


(6) For motors to be reversed or 
braked by reversing the primary 
supply while the motor is running. 
Exciters (except as below) Exception 
1 .-'Exciters of synchronous motors 
(including synchronous induction 
motors) if connected to earth or 
disconnected from the field windings 
during starting. 

Exception 2,—Separately, excited 
field windings of exciters. 

Assembled group of machines and 
apparatus. 


1 000 +2F 

2 5 times V 

3 000 +2F 

Subject to special agreement. 

1 000 +twice the maximum ratec 

circuit voltage with a minimum of 1 500( 
volt. 

Ten times the rated excitation voltage with 
a minimum of 1 500 V and a maximum 
of 3 500 V. 


1 000 + twice the maximum rated 
excitation voltage with a minimum of 1 500 


1 000 + twice the maximum value 

of the r.m.s. voltage; which can occu r 
under the specified starting conditions 
between the terminals of the field, or 
m the case of a sectionalixed field 
winding between the terminals of 
section, with a minimum of 1 500 V. 7 


1 000 -f twice the open circuit standstill 
voltage as measured between slip line? or 
secondary terminals with rated vStan 
applied to primary windings. ^ 

1 000 +four times the open circuit 
standstill secondary voltage. 

As for the windings to which they are 
connected 7 

1 000 + twice the rated exciter voltaxe 
with a minimum of 1 500 V. ***** 


-usawe on an aasmnhl^i 

group of several pieces of new muZuZOm. 

which has pSrioS^SS 
tmu the test voftuetofe 

set s 

appropriate for any part of the | 
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Excess current sad excess torque 

Momentary excess current for generator*. A generator rated in accordance with 
the specifications shall be capable of withstanding for 15 seconds a current 50% in excess of 
its rated current, the voltage being maintained as near the rated valu* as possible consistent 
with the maximum capacity of the prime mover. The exact value of the voltage is not 
important. 

Momentary excess torque for motors. 

(a) DC. Motor :—A direct current motor, irrespective of the class of rating shall 
be capable of withstanding for 15 seconds a torque 50% in excess of that corresponding to its 
rating, the voltage* being maintained at rated value.. 

(5) Polyphase Synchronous Motor A polyphase synchronous motor irrespective of 
the class of rating shall, unless otherwise agreed, be capable of withstanding an excess 
torque as specified below for 15 seconds without falling out of synchronism, the excitation 
being maintained at the value corresponding to rated load. 

Synchronous (wound rotor) induction motors— 35% excess torque. 

Synchronous (salient pole) motors—50% excess torque. 

(c) Polyphase Induction Motors :—A polyphase induction motor, irrespective of the 
class of rating, shall be capable of withstanding for 15 seconds, without stalling or abrupt 
change in speed (under gradual increase of torque) a maximum torque as specified below, 
the voltage and frequency being maintained at their rated values. 

(<) Rr induction motors of the normal type (e g , wound rotor or ordinary squirrel- 
cage motors), the maximum torque shall exceed the torque corresponding to the rating by 
the following net amounts, no tolerances being permitted. 

Motors with a continuous short-time rating, at least 60% excess torque. 

Motors with a rating for periodic duty or for continuous duty with intermittent load 
at least 100% excess torque. 

(tf) In the case of induction motors for which the field of application is specified in 
the order, and in ttie case of induction motors of special type (e g., motors with eddy current 
rotors or double cage rot )rs of the Boucherot type) with special inherent starting properties 
the value of excess torque shall be a matter of agreement between the manufacturer and the 
purchaser. 

(d) Single-phase Motors The momentary excess torque of single phase motors 
shall be a matter of agresatmt between manufacturer and purchaser. 

Commutation teat 


Commutation test for direot current machines. A direct-current machine shall work 
with fixed brush-setting, from no load up to the momentary excess current or torque 
specified earlier without injurious sparking or injury to the commutator or brushes. The 
commutation test should be applied on the conclusion of the temperature test of the 
machine. 

Tolerance* . 


Schedule of tolerances on quantities involved in the rating to electrical machinery is 
given in Table 17 21. 


Table I7'2I, Schedule of toleraacea. 


No. Item 

1. Efficiency 

(o) By summation of losses 
(6) By (input—output)test 

2. Total losses 

3. Power factor 


Tolerance 
—10% of (1—q) 

— 15% of (1—q) Maximum 0*7%. 
+ 10% of the total leases. 

±1/6 of (1—cos +) 

Minimum 0 02. 

Maximum 0P7. 
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4. (a) Spied of d.c. shunt motors (at 

full load at working temperature). 


(6) Speed of d.o. series motors (at 
full load at working temperature). 


5. Slip of induction motors. 

6. Inherent voltage regulation of 
d.c. generators, shunt or separate 
excitation. 

7. Inherent voltage regulation of d.c. 
generators, shunt or compound 
excitation. 

8. Starting current of induction 
motors with short-circuited rotor and 
specified starting apparatus. 

9. instantaneous short-circuit current 
of an alternator under specified 
conditions. 

10. Steaiy short circuit current of an 
alternator at specified excitation. 

11. Variation of speed of d.c shunt 
wound and compound wound motors 
(from no-load to full load). 

12. Starting torque of induction 
motors 

(а) Motors without sliprings. 

(б) Slip-ring motors with automatic 
starting. 

13. Maximum torque or break down 
torque of induction motors. 


kW per 1000 r.p.m. 

Not less than 0 67 but below 2 5 ±10%. 
Not less than 2 5 but below 10±7'5% 

10 and upwards ±5%. 

Not less than 0 67 but below 2'5 ±15%, 
Not less than 2 5 but below 10 ±10%. 

10 and upwards ±7 5%. 

± 20% of the guaranteed slip. 

±20% of the guarantee 1 regulation. 


±20% of the guaranteed regulation, with 
a minimum of±2% of the rated voltage. 

±20% of the guaranteed starting current. 


±30% of the guaranteed value. 


±15% of the guaranteed value. 


±20% of the guaranteed variation. Mini¬ 
mum, ± 20% of the rated speed. 


— 10% of the guaranteed torque. 

— 10% of the guaranteed torque. 

— 10% of the guaranteed toique, except 
that after allowing for the tolerance the 
excess torque of motors with a continuous 
or short-time rating shall be not less than 
60%, and of the motors with an 
i« t rt e i7 aiUenl ratin 6 ■ hft11 ** not less than 


Eating plates 

Rating plates shall be marked with the appropriate items in the following list 

1. The type of machine, whether motor or generator, also whether, for examnle 

shunt, series, compound, squirrel cage, etc. ^ ' 

2. The class of rating and, if appropriate, the period or load factor. 

3. The rated output (e g. kW, kVA or h.p.) 

The rated voltage. 

5. The rated current. 

6. Type of current (d.c. or a.c.) 



BJCTMCAL MACHINE DHtON 


m 


7. For a.c. machine*, the rated frequency and number of phaaei. 

8. The rated speed range, in revolutions per minute. 

9. The permissible overipeed, if applicable (e.g. turbine type and water turbine 
driven generators). 

10. The class of insulation or the permissible temperature rise. 

11. The number and date of the specification. 

12. For a c. machines, the winding connections. 

13. For a.c. machine, the power factor- 

14. For synchronous machines or d.c machines with separate excitation, the rated 
excitation current and voltage. 

15. For wound-rotor induction machines, the open*circuit voltage between slip rings 
and the slip-ring current. 

16. For hydrogen cooled machine, the hydrogen pressure at rated output. 

17. The manufacturer’s name. 

18. The manufacturer's serial number or identification mark. 

INTERNATIONAL ELECTROTECHNICAL COMMISSION 

PUBLICATION 34.2 

17 7. Recommendations on determination of efficiency of rotating 
electrical machines. 

Efficiency. The efficiency of a rotating electrical machine is the ratio of the power 
output to the power input. 

Determination of efficiency. The efficiency can be measured by many methods, 
where efficiency is determined by summation of losses, tlie schedules given below are 
toll owed. Unless otherwise specified, all PR losses shall be calculated at one of the 
temperatures given below 

Gasses A, E and B 75*C 

Gasses F and H 115°C. 

D.C, naachiaea. The following losses are included when calculating efficiency of 
d.c, machines. 

1. Baiting circuit losses 

(a) Shunt PR loss 

(b) Main rheostat loss 
(#) Exciter loss. 

2. Lomu independent of current 

(4) Core loss at no load and rated speed and rated terminal voltage 
(e) Bearing friction loss 
(/) Total windage loss 
(?) Brush friction loss. 

3. Direct load loss 

(k) Change in core loss due to load 
{j) PR loss in armature windings 

(h) PS loss in windings in series with armature. 

(i) Electrical loss in brushes. Total voltage drop in carbon or graphite brushes is 2 
V and in metal carbon brushes 0*6 V. 
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4. Stray load lots 
(») Stray load loss in iron 
(it) Stray load loss in conductors 
(o) Additional brush losses. 

Unless otherwise specified, it is assumed that the above losses (stray load! losses) vary 
as square of (he current and that their maximum value at maximum rated current is equal 
to l percent of basic output for uncompensated machines and 0 5 percent of rated output 
for compensated machines. 

Polyphase induction machines. The following losses are he included when 
preparing a statement of efficiency of polyphase induction machines: 

1. Losses independent of eareent 

(o) Core loss at no load jpeed with rated terminal voltage and frequency 

(b) Bearing friction loss 
(6) Total windage loss 

(d) Brush friction loss (included when brushes are not lifted). 

2. Direct load loss 

(e) PR loss in stator windings 

{/) I'R loss in rotor windings on load 

(?) Summation of the I l R lots in brushes and connectors, and brush contact loss. 
The voltage drop in at! brushes of the same phase is taken as 1 V for carbon and graphite 
brushes and 0‘3 V for metal carbon brushes. 

3. Stray load loss 

(h) Stray load loss in iron 

( j) Stray load loss in conductors. 

Unless oiherwif* specified, it is assumed that these stray load losses vary as square of 
primary current and thru total value at full load is equal to 0'3 percent of rated 
output. 

Polyphase synchronous machines. The following losses are to be included 
while computing the efficiency of polyphase synchronous machines. 

1. Exciting circuit loss 

(a) Field PR loss 

(6) Main rheostat losr 

(c) Electrical loss in brushes 

(d) Exciter loss 

2. Losses independent of current 

(«) Core loss at no load and rated speed and rated terminal voltage 
(/) Bearing friction loss 
(?) Total windage loss 

(k) Brush friction loss 

3. Direct load loss 

(j) PE loss in armature winding 

4. Stray load loss 

(b) Stray load loss to iron * 

(l) Stray load Ion in conductors. 
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INTERNATIONAL ELECTROTECHNICAL COMMISSION 
PUBLICATION 34.3 

17 g Recommendations for preferred standard 3000 rev/min, 3-phase, 
SO Ha tarbine-type generators. 

Air-cooled generators 

1. Output. Rated output of air-cooled generators shall be as given in the table 
below: 

MW 10 12 16 25 40 50 

MV A 12‘5 15 20 31*25 50 62*5 

2. Power factor. The rated powt r factor at the generator terminals shall be 0 8 
lagging. 

2. Voltage. The manufacturer shall assign a rated voltage. 

4. Voltage range. The voltage range at the generator terminals shall be ± 5 percent 
of the rated voltage assigned by the manufacturer. 

5. Speed, for 50 Hz machines, the speed shall be 3000 r.p.m. 

0. Short circuit ratio. The short-circuit ratio at rated MVA and at rated voltage 
shall be 0 55. The permitted tolerance is ±0 05. 

7. Sub-transient reactance. Sub-transient reactance as proved by a sudden three- 
phase short-circuit test at rated voltage at no load at the generator terminals, shall have a 
minimum value of 10 percent. 

8. Stator windings. The stator windings shall be arranged for star connection with 
all six terminals brought out of the generator. 

9. Generator insulation. Class B insulation shall be used. 

10. Temperature-rise. Limits of temperature rise shall be in accordance with I.E.C, 
Publication 34-1. 

11. Cooling air temperature. The generators shall be suitable for a maximum 
cooling-air temperature, measured at the inlet to the machine of 40*C. 

12. Emulation voltage. The manufacturer shall declare the excitation voltage at die 
dip rings at rated MVA and power factor. 

18. Generator cooling. The system of ventilation *hall be closed air-circuit 
system. 

14. Over-speed. Generator rotors shall be tested at 20 percent over-speed for 2 
minutes. 

16. Main exciter. I'he rated current shall be 110 percent of the excitation current 
at the rated output of the generator. 

The nominal exciter response shall be not less than 0*5. 

10. Exciter insulation. Exciter insulation may either be class A or class B. 

Hydrogen.cooled generators 

1. Output. Rated outputs of hydrogen-cooled generators shall be as given in the 

table. 

MW 50 63 80 100 125 

MVA 62*5 78*75 100 125 156*25 

2. Hydrogen pressure. The rated hydrogen pressure shall not be less than 1*0 
kg/cm* (—100 kN/m*) gauge. 
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Recommendations for power factor, voltage, voltage range are the same as for air- 
cooled generators. 

6. Spud. For 50 He machines, the speed shall be 3,000 r.p.zn. 

Recommendations for short circuit ratio, sub transient reactance and stator windings 
are same as for air cooled generators. 

10. Generator terminals Terminal insulators shall withstand a 50 Hz dry test, in 
air, of not less than 4 times the rated voltage of the machine. 

11. Generator insulation. Glass B insulation jh.ill be us<d. Dielectric tests shall be 
in accordance with I.E.C Publication 34*1. 

19. Excitation voltage. The manufacturer shall declare the excitation voltage at the 
slip rings, at rated MVA and power factor. 

Recommendations for over speed, main exciter, exciter insulation is same as for air 
cooled generators. 

THREE PHASE INDUCTION MOTORS 

17*9 Indian standard specifications for 3 phase induction motors. The 

Indian Standards Institution has laid down the following standards for three-phase induction 
motors (There are other stan lards also but we are primarily concerned with the following): 

f iS : 325*1961 Specifications for three phase induction motors. 

(6) IS ; 1231 >1967 Dimensions of three phase foot mounted induction motors. 

(•) IS : 4029-196 1 Guide for testing three-phase induction motors. 

Most o r the information given in theie standards has been covered in IEC Publication 
34-1. However, additional information covered in these standards is being given here. 

Type* of enclosure. Following types of enclosures are considered as standard : 

1 Prtotected motor (P). 

Screen protected (SP) 

Drip-proof motor (DP) 

Splash proof motor 'SPLP). 

2. Pipe or duet ventilated motor. 

A pipe or duct ventilated motor may be cooled by means of: 

(*) Self-ventilation (PF). 

(si) Forced draught air supplied by external pressure (PVPD). 

(sis) Induced draught air drawn through the machine by external means ( PF1D). 

3. Totally-enclosed motor ( TE). 

A totally enclosed motor may be any of the Allowing types : 

(i) Totally enclosed fan cooled ( TEFC). 

(ii) Totally enclosed separately air cooled (TESAC). 

(Hi) Totally en dosed closed air circuit motor, OAOA (cooler employing air) or OAOW 
(cooler employing water). 

4. Weather-proof motor (JPP). 

Performance. 

Pull up torque of squirrel cage motors. With rated voltage and frequency applied to 
the terminals of the stator, squirrel cage inducuot uv shall be capable of running upto 
speed against a percentage of full load torque sptciaoci <n the order. 

Overloads in torque. The motors should be capable of withstanding the following 
overloads in torque, without injury: 
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(•) Motors with continuous rating upto 
and including 37 kW. 

(6) Motors with continuous rating 
above 37 kW upto and including 
370 kW. 

(e) Motors with continuous rating above 
370 kW. 


100 percent excess torque for IS seconds. 
75 percent excess torque for 15 seconds. 

60 percent excess for 15 seconds. 


(4) Motors with short time rating. 100 percent excess torque for 15 seconds. 

Teats The following are two types of tests. 

(») Type Tests carried out on a type motor to varify confirmity to the per¬ 
formance requirements of this standard. 

(si) Routine test* Tests carried out on each motor to ascertain that it is electrically 
and mechanically sound 


Type test*. The following shall constitute the type tests : 


('<) Measurement of stator resistance and rotor resistan e on slip ring motors. 

(6) No load running of motor and reading of voltage, current, power input and speed, 
(c) Open circuit voltage ratio on slip ring motors 

(4) Reduced voltage running up test at no load to check the ability of motor to run 
upto full speed on load in both directions of rotation with \/y/3 of the rated voltage applied. 

(e) Locked rotor reading of voltage, current, power input and totque of squirrel cage 
motors. 

(/) Full load reading of voltage, current, power input and slip. 

{g) Temperature rise. 

(&) Momentary overloads torque tests. 

(j) Insulation resistance test (before and after high voltage test) 
it) High voltage test. 

Routine teats. 


(a) Insulation test (before high voltage test only). 

(5) High voltage test. 

(e) No load running of motor and reading of current in the three phases and of 

voltage. 

(4) Locked rotor test at a suitable voltage (for squirrel cage motors only). 

(e) Reduced voltage running up test. 

(g) Open circuit voltage ratio test (for slip sing motors only). 

Disnensions of foot mounted motors. IS: 1231—1967 specifies the dimensions 
for foot mounted three phase 50 Hx, a.c. squirrel cage motors of axle heights ranging from 
99 mm to 315 mm. 

Standard frame rises. The fixing dimensions and shaft extensions for the frame 
dam are given in this standard. (See Tables 17*22 to 17*26 with Fig. 17*1.) The fiame desi¬ 
gnations consist of two parts, the first part giving values corresponding to the actual shaft 
heights and the second part giving letters indicating the frame lengths, the letters being *3* 
for short motors, *Jf* for medium length motors and *L* for long motors. The maximum 
torque values at continuous rating for different shaft diameters are also given in this stand* 
aid. Ringed symbols refer to symbols which are specified in this standard. Unringed 
symbols ate themselves standardised. 
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Terminal box. The terminal box should be located on the right- hand side of the 
motor when looking on the driving end of the motor. The terminal box should be situated 
with its centre line within * sector ranging from the top of the motor down to 10° below the 
horizontal centre line of motor. The space 10° below the centre line should on'v be utilised 
in special cases. 



END VIEW OF SHAFT ENO Vl£W OF S«I 
EXTENSION NO. » EXTENSION NO. ? 


Fig. 17*1. Standardized and other dimensions for foot mounted motors. 




TabU 17*22. 


9)2 


WCIKlUl MACHINE DBS KIN 



1 
I 

\' 





fl 


lit 


8 


!i 

t 


8 


“=saaaRSRR*S88a888RB88 


“S 2 aaaasaRSS 888 R 88888 S 


• N^»«*aaaajjssss 9 iiam!s 


*8 5 8a*ss88SgggsSSSSSSS 

sssi§32SS5si53g8SaSS5?S 

Sggsssssssamsamsss 


Rspsssigaaggiggaggggga 


88S3 


as!il§18iN88g88l§l 


. , . I RSPr*? 1 | i 2 

i i t •bb&-« , A.«- , -a^aasi9»P 


§ 2 
1 1 1 g§ S28 i SS 


a 

4 

1 a5 1 a a a a as 


im 

44 4 4 

1222s2S£SS sa Sa«fc*»a*5*| 

MMn « n »r.«*8SaaX»!8KS9R!)fl 






I SSSSBSSSSiS 88 8 8 

. i 

i 

sssssssasasst! 

333335232SS33 
*83 338332*33$! 

aasssssssssas 

4 

3333883888833 

llMi 8 i 8 l 8 l§l 

m 

« 

41 

*"5=:a«RSRP8§ 

EssSnsusassst *8 

S § 

sad it & a a is *2 388 

> 

988 8 a a & it a a ft a 


914 


electrical machine design 

* 





a 

t 




sli- 

ffassRRgssgssa&jcio 


t| 

'. * i 

| aasaassg 

M 

a a a a % % a a a a a a a a a a 

8 

nJ 

*• 

| ssaassas 

0 

*£»«& SS3SSSSS22SS 

I - 

1 

D 

gjegssssg 


ssssg-asgmsssss 

< 

1 

Ml 

gsu&gffi 

* 

imhxrmriimis 

■ 


assssa^s 

( 

ft! 

ssaasisssmmg 

""" 

j * 

* 

| 

SSSSSSS|I 

M 

liiiiiuiiiiiiii 

C .c 

I s 

If 

ill 

ililllif 

.* 

m 

•. 

Ml 

' # 

SSSsSRSS i s«sSa*t!s 

M 

fl 

«N 

8 

• 

wm 

4 

ob6” r * w, '>^ 

1 - 

1 1 
ll 

*• 

« 

6^235SSS i ss§a*s*» 

j 

I 

1 

1 1 

2 ; 

§ i S S S E 2 1 

00» 

• 

SMI 

b^A^ = 25a8R«8jC8 

Q 

» 

| 

*1 

ll 

r* ■ ' ' 

M* 

_ < 

R « <n »*• *»«u « 

^ * A A « h ip-'Sf ■ 

. .! 

* 

sSsSSaaS 

1 

*<« 

N 

* *, 

£2 *8£ aadages i #g . 

s 1 \ 

4 

1 

* 

- 1 :.|. 

i 


* 

•* 

n N n « «)« r> n 


N n « <n « Ml 



iTANDOLO SMCfVICAtlONt 917 

Phot* dief iaa em e nt . The difference in phew between the primary end secondary 
current phasors, the direction of the pheson being so cbown that the engle la aero for e 
perfect transformer. 

The phase displacement is said to be positive when the secondary currant phasor leads 
the primary current (feasor. It is usually expensed in minutes. 

Awmraey Olaee. A classification assigned to a current transformer, the errors of which 
'remain within specified limits under the prescribed conditions of use. 

Burden. The impedance of secondary circuit e xpr essed in ohm and power factor. 

The burd n is usually expressed as the apparent power in volt ampere absorbed at a 
specific ) power factor and at the rated secondary current. 

BaUi Burden. The value of the burden on which the accuracy requirements of this 
specification are based. 

and p e r fo r ma nce requirements 

Jfoied primary current. The values of the rated primary currant shall be as given in 
TaWe 1728. 


Table 17*28. Sated primary current. 



Bated eeeondary current. The value of rated secondary currant shall be 5 A. 

The secondary current rating of 2 and 1 A may also be used in some calm, as for 
txnmpto 5 

(o) if fee number of secondary turns is low feat the ratio cannot be adjusted within 
the requisite limits by addition or removal of one turn, or 

(M if fee length of secondary oonneotiag leads is such that fee burden few to them at 
the higher s&aondary currant would be excessive. 

Standard freyueuoy. The standard teqtaency shall be 50 Ha. 

, Jimiumfcri rftt The temperature riee of a currant transformer winding when car. 
ryb^ n rated primary currant, at a rated frequency end wife rated burden shall not exceed 










r 
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the approximate values given in Table 17 29. The temperature rise of the winding? is limitei 
by the lowest class of insulation either of the winding itself or of the surrounding medium i) 
which it is embedded. 

When the current transformer is fitted with a conservator tank, or has inert gas abov 
the oil, temperature-rise of the oil at the top of the tank or housing shall not exccedSS* G. 

When the current transformer is not so fitted, the temperature rise of the oil at the to 
of the tank or housing shall not exceed 50*G. 

The temperature rise measured on the external surface of the core and the othe 
metallic parts in contact with or adjacent to insulation shall not exceed the appropriate valu 
permitted for the adjacent part of the windings as given in Table 17*29. 


Table 17*29. Limits of temperature rise of windings. 

Class of insulation Maximum tsmperatmre rise 

All classes immersed in oil CO 

All classes immersed in bituminous compound 50 


Classes not immersed in oil or bituminous compound 

r 

A 

E 

B 

F 

H 


45 

§0 

75 

85 

no 

135 


Note, 
and tested at 
17'29 shall be 
altitude. 


If current transformer is specified Tor service at altitudes exceeding 1000 m 
an altitude below 1000 m, the limits of the temperature rise given in Tabli 
reduced by the following amounts for each 100 m excess over 1000 m operatwj 

(а) Oil immersed transformers 0'4 per cent 

(б) Dry-type transformers 0*5 per cent. 


In dia** Standard Specifications for current transformers 

IS ; 2705—1944 


Accuracy Clam. 

Standard Aeoaraoy Glass. For measuring current transformers the accuracy class shall 
be designated by the highest permissible percentage current error at rated currant for the 
‘ accuracy class concerned. The standard accuracy classes for measuring transformers 
be 0*1,0*2,0*5,1*5 and 5. 

Limits of current error and plum displacement. 

Classes 91 to 10. The currant error and displacement at the rated frequency shall 
not exceed the values given in Table 17*30. When the secondary burden is any value fog® 
25 per Mat to 100 per cent of the rated burden. 
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Table 17*14, Shaft 


(All Dimensions In mm.) 


D 

£ 

Maximum toram tor 
cominuotu duty 

N-m 

D 

B 

Maximum tarty* for 
continuous duty 
N-m 

7 

16 

0-25 1 

42 

lio 

125 

9 

20 

063 

48 

HO 

200 

11 

23 

1*25 

S3 

110 

353 

14 

30 

2*8 

60 

140 

430 

16 

40 

4*5 

65 

140 

630 

18 

40 

7*1 


140 

800 

19 

40 

9 

7S 

140 

1000 

22 

30 

14 

80 

170 

1230 

24 

SO 

18 

85 

170 

1600 

28 

60 

31*5 

90 

170‘ 

2000 

32 

80 

SO 

95 

170 

2500 

38 

80 

90 

— 

— 
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SINGLE PHASE INDUCTION MOTORS - 


17 10. Indian standard specifications for single pkait, nnanll a.e. and pnL 
versal motors. The Indian standards institution hat Uid down the following standard for 
single phase sm ill a c. and universal machines. 

IS : 996—1964, (Amendment 1969) 

This standard rovers general purpose small tingle phase motors of the capacitor, split 
phase shaded pole and universal types, having outputs up to and including IMP W ^ 
I having windings with clan A , class 9 or dais B insulation. 

Table 1717. baadard frame siaea, 

/ (All dimensions in mm.) 


Fran* 

designation 

B 

A 

B 

! ° 

* 

WRX* 

D 

t 

r 

O 

56 

56 

90 

71 

16 

6 

— 




63 

63 

100 

10 

40 

7 

— 

— 

— 

«. 

71 

71 

112 

90 

45 

7 

— 

— 

— 

Mi 

80 

80 

125 

100 

SO 

9 

14 

so 

5 

17*3 

90S 

90 

140 

100 

56 

9 

16 

40 

3 

18*0 

100 S 

100 

160 

112 

<1 

12 

22 

SO 

6 

24*3 

1128 

112 

190 

1M I 

70 

12 

22 

SO 

6 

24*5 

132 S 


150 

159 

79 

B 

9 

• ‘ 

I 

11*0 
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TypM of MclMnrei. The various type* of enclosures are: 

(a) Protected motor 

(0 Screen protected (SP) 

(40 Drip proof motor (DP) 

(b) Totally enclosed motor (T£) 

(e) Totally enclosed fan cooled motor (TEFC). 

Standard Frame Sixes. The standard frame sizes are given in Table 17'27. 
Refer to Fig. 17 2). 
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Flf • 17*2. Dimeadoiis of single phase motors. 

CURRENT TRANSFORMERS 

17 It. Indian Standard Specification for current transformers. 

IS: 2705-1*64 

Part I General Requirements 

17*111. Terminology. For the purpose of this standard, the following definitions 
«hall apply: 

Baled transformation ratio. The ratio of the rated primary current to the rated 
secondary current. 

(Tarrant error [Ratio error). The percentage error in the magnitude of the secondary 
current Is defined by the following formula: 

_(*eW>)XlQ0_ 


Current error* 


percent 


JEW the rated transformation ratio, 

/s*the actual secondary current when Ip is flowing, 
/pHEfcs actual primary cuiyrnt. 
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Table 17*34. Haiti of error for tccwacy cleeeeo 01 to 1*0. 


Ckst 

Percentage current snot at 
percentage of rated currant 

Phase displacement srror tn minutes 
at percentage of rated current 

r 

1 10 

11 

wrm 

130 ] 

1 10 

20 1 

1 

100 1 

1 

120 

0*1 

. ± 0*25 

± 0*2 

±01 

± 0*1 

±10 

±8 

±5 

±5 

0*2 

±05 

± 0*33 

± 0*2 

± 0*2 

±20 

±13 

* 

±10 

±10 

0*5 

±10 

± 0*73 

± 0*5 

± o*s 

±«o 

±« 

±30 

±30 

1*0 

± 2*0 

± 1*5 

± 1*0 

± 1*0 

±120 

±oo 

±60 

±60 


Clams $ and 5. The current error at rated frequency shall not exceed the valnes 
given in Table 17'31 when the secondary burden is any value from 50 pet cent to 100 percent 
of the rated burden. 


Table 17*31. Llmite of error for accuracy classes 3 and S. 


Class 


Percentage at 
percentage of 

trrent error at 
rated current 


• 

so 1 

120 

3 

S 

±3 

±5 

±3 

±3 


Note. Limits of phase displacement are not specified for classes 3 and 5. 






















